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Preface 


The  Air  Force  Office  of  Scientific  Research  ia 
the  extramural  research  component  of  the  Office 
of  Aerospace  Research,  USAF,  the  research 
agency  of  the  Air  Force.  OAR  is  commanded  by 
Maj.  Gen.  Ernest  A.  Pinson,  USAF. 

AFOSR  conducts  a  grant  and  contract  program 
of  phenomena-oriented  research  in  those  areas  of 
science  related  most  directly  to  needs  of  the  future 
operational  Air  Force.  AFOSK’s  worldwide  re¬ 
search  program  requires  an  annual  expenditure 
of  mom  than  $35  million,  and  provides  support 
for  about  2,400  scientists.  They  are  engaged  in 
nearly  1,000  separate  research  investigations  at 
more  than  200  university,  industry  and  other  re¬ 
search  organizations.  Research  is  selected  for  sup¬ 
port  from  unsolicited  proposals  on  the  basis  of 
scientific  quality  and  relevance  to  Air  Force  in¬ 
terests.  Research  is  supported  in  chemistry,  math¬ 
ematics,  electronics,  mechanics,  energy  conversion, 
general  physics,  nuclear  physics,  9olid  state 
physics,  astronomy-astrophysics,  and  the  behav¬ 
ioral,  biological  and  information  sciences. 

AFOSR  also  serves  to  provide  communication 
between  the  scientific  community  and  other  Air 
Force  and  DOD  organizations,  thus  helping  to 
ensure  the  timely  impact  of  scientific  research 
activities  on  the  Air  Force.  AFOSR  serves  the  Air 
Force  by  providing  and  communicating  results  of 
pioneering  extramural  research  to  potential  users, 
by  transmitting  needs  for  scientific  information 
to  the  scientific  community,  by  providing  outside 
scientific  advice  and  consultation  to  all  parts  of 
the  Air  Force  requiring  knowledge  and  interpre¬ 
tation  of  world  science,  and  by  in  general  main¬ 
taining  and  enhancing  the  Air  Force  relationship 
with  the  scientific  community. 


Hub  report  is  designed  to  present  the  research 
programs  of  the  Air  Force  Office  of  Scientific  Re¬ 
search  for  the  information  of  the  users  of  Air 
Force  research,  for  scientific  investigators  work¬ 
ing  in  the  same  or  in  allied  fields,  and  for  the 
military,  scientific  and  academic,  and  Government 
communities  at  large. 

It  is  intended  that  this  report  will  help  provide 
ready  access  to  research  in  progress  as  well  as  that 
completed  and  just  beginning  to  come  into  the 
scientific  literature,  so  that  the  results  of  these  in¬ 
vestigations  will  become  more  readily  available. 
By  making  use  of  the  list  of  work  efforts,  orga¬ 
nized  in  terms  of  specific  scientific  fields,  scientists 
and  engineers  in  DOD  laboratories  and  various 
research  and  development  organizations  can  ascer¬ 
tain  which  active  AFOSR  programs  are  of  in¬ 
terest  to  them.  To  obtain  detailed  information, 
direct  contacts  are  encouraged  with  the  AFOSR 
staff  member  listed  as  responsible  for  the  work 
effort  of  interest. 

Research  managers  in  the  DOD  and  other  Gov¬ 
ernment  agencies  will  find  this  report  convenient 
for  research  coordination  purposes.  Contractors 
and  grantees  supported  by  AFOSR  will  be  able 
to  see  how  their  programs  fit  into  the  over-all 
AFOSR  research  program.  Those  within  and  out¬ 
side  the  DOD  who  are  interested  in  broad  ques¬ 
tions  on  the  support  of  research  and  development 
should  find  this  report  useful  insofar  as  it  pro¬ 
vides  comprehensive  information  on  the  objec¬ 
tives,  research  program,  and  accomplishments  of 
AFOSR. 


WrLLIAM  J.  PlUCE, 
Executive  Director. 


Jcir  1967. 


w 


Contents 


AFOSR  Organization  ^ 

The  Role  of  AFOSR,  Dr.  William  J.  Price,  Executive  Director .  3 

The  Relevancy  of  the  AFOSR  Research  Program  to  the  Operating 
Needs  of  the  Air  For^e,  Col.  Ivan  C.  Atleineon,  Deputy  Executive 

Director .  7 

AFOSR  Scientific  Staff  and  Board  of  Visitors .  10 

AFOSR  History  and  Chronology .  12 

AFOSR  Research  Program 

Mathematical  Sciences,  Dr.  Merle  M.  Andrew,  Director .  21 

Current  Research  Efforts .  25 

Physical  Sciences,  Dr.  Lloyd  A.  Wood,  Director .  29 

Current  Research  Efforts .  41 

Chemical  Sciences,  Dr.  Amos  0.  Homey,  Director .  49 

Current  Research  Efforts .  55 

Life  Sciences,  Dr.  Harvey  E.  Savely,  Director .  59 

Current  Research  Efforts .  61 

Engineering  Sciences,  Dr.  Milton  M.  Slawsky,  Director .  66 

Current  Research  Efforts .  69 

Information  Sciences,  Dr.  Harold  A.  Wooster,  Director,  and  Mrs. 

Rowena  W.  Swanson,  Project  Scientist .  76 

Current  Research  Efforts .  81 

AFOSR  Research  Accomplishments 

Relating  the  Accomplishments  of  AFOSR  to  the  Needs  of  the  Air 

Force .  85 

Dr.  William  J.  Price,  Executive  Director 
Mr.  William  0.  Ashley,  Physical  Sciences  Administrator,  OAR 
Maj.  Joseph  P.  Martino,  Assistant  Executive  Director  f or 
Research  Communication 
Mathematical  Sciences 

Automata  Theory,  Lt.  Col.  Barnett  R.  Agins .  95 

Control  Theory,  Maj.  John  Jones,  It .  98 

Probability  Theory  and  Mathematical  Statistics,  Maj.  John 

F.  dander .  102 

Nonlinear  Partial  Differential  Equations,  Dr.  Robert  0.  Pohrer . .  107 

Physical  Sciences 

Magnetic  Resonance  Spectroscopy,  Dwight  L.  Wennersten ....  112 

Spectroscopy  in  the  Millimeter  and  Submillimeter  Region  of 
the  Electromagnetic  Spectrum,  Dr.  Marshall  C.  Harrington. .  1 16 

Seismology,  William  J.  Best .  120 

Project  Blue  Ice,  Maj.  Durward  D.  Young,  Jr .  122 

Observational  Basis  of  General  Relativity,  Dr.  Erich  Weigold. .  126 

Cosmic  Ray  Physics,  Maj.  Joseph  E.  Oorrell .  129 


Preceding  Page  Blank 


r«t* 


Theoretic*]  Elementary  Particle  Physics,  Capt.  Donald  R. 

Lehman .  132 

Crystal  Nucleation  and  Growth,  Lt.  Col.  Ralph  W.  Conners. . .  135 

Interactions  of  Ultrasonic  Wares  in  Metals,  Max  Stoerdlow . . .  139 

The  National  Magnet  Laboratory,  Max  Swerdlow .  143 

Structural  Materials  for  High  Temperatures  and  Reactive 

Environments,  Dr.  J.  Thomas  Ratchford .  147 

Application  of  Emittauce  Measurements  in  Ablation  Test, 

Lt.  Col.  Randal  A.  Houidobre .  151 

Chemical  Sciences 

Liquid  Structure,  Denton  W.  Elliott .  156 

Energy-Matter  Interactions,  Dr.  Alfred  Weiseler .  161 

Organometallic  Chemistry,  Dr.  Anthony  J.  Matuszko .  165 

Rap'd  Scar  Infrared  Spectroscopy,  Dr.  William.  J.  Ruigh .  169 

Life  Sciences 

Simulation  as  a  Social  Science  Research  Tool,  Dr.  Herman  J. 

|  Sander .  171 

Visual  Perception,  Dr.  Glen  Finch .  174 

Instructional  Technology,  Maj.  Laurence  0.  Ooebel .  176 

Bird-Aircraft  Collisions,  Dan  Taylor .  178 

Engineering  Sciences 

!  A  Whistler  Study  of  the  Magnetosphere,  Maj.  Frank  H. 

Zander .  183 

A  New  Dimension  in  Hypersonic  Laboratory  Simulation — 

The  Wave  Superheater  Hypersonic  Tunnel,  Milton  Royers. .  186 

The  Effect  of  Vacuum  and  Surface  Layer  on  the  Fatigue  Life  of 

Metals,  Dr.  Jacob  Pomerantz . 194 

Mass  Transfer  Cooling,  Lt,  Col.  George  Stalk .  197 

The  Magneto-Plaama-Dynamic  (MPD)  Arc,  Maj.  Russell  G. 

Langlois .  .  .  .  201 

Oxygen  Atom  Attack  of  Refractory  Materials,  Lt.  Col.  Cornelius 

J.  Donovan .  206 

Electron  Beam  Fluorescence  as  a  Diagnostic  Tool  in  I^ow 

Density  Gas  Dynamics,  Paul  A.  Thurston .  210 

Supersonic  Combustion,  Dr.  Bernard  T.  Wolf  son .  213 

Information  Sciences 

Influences  From  Cybernetics  on  Information  Sciences,  Mrs. 

Romna  W.  Swaneon .  217 

i  The  Computer  and  Its  Languages,  Capt.  Eliot  Sohmer .  219 


The  AFOSR  Coupling  Program,  Maj.  Joseph  P.  Martino,  Assistant 

Executive  Director  for  Research  Communication .  223 

Research  Evaluation  Through  Citation  Indexing,  Maj.  Joseph  P. 
Martino,  Assistant  Executive  Director  for  Research  Communication.  .  . .  226 

AFOSR-eponsored  Conferences  and  Symposia,  1966  .  228 

AFOSR  Selected  Publications  List — Primary  Sources  of  Additional 
Data .  229 


FIGURES 


Pap 


1.  Block  diagram  for  optima!  system  for  lunar  borering  mission .  100 

2.  Simplified  diagram  of  microwave  spectrograph .  117 

3.  Location  of  seismometers  at  Station  Inge  Lehmann,  Greenland  . . .  125 

4.  Effect  of  dissolved  iron  on  critical  resolved  shear  strength  of  MgO 

crystals .  150 

5.  Experimental  setup  for  ablation  tests .  154 

6.  A  representation  of  clathrate  hydrate  obtained  by  X-ray  diffraction .  1 50 

7.  Dimerization  reaction  schemes . 162 

8.  The  triphenyl(bipyridyl)si]iconiuin  ion . 167 

9-  Unit  of  phthaiocyaninosiloxane  polymer  .  167 

10.  Wave  superheater  rotor  and  nozzles .  190 

11.  Gasdjrnamic  processes  in  a  single  unconstricted  tube .  191 

12.  Wave  superheater  reservoir  map .  192 

13.  Flow  chart:  wave  superheater  facility .  192 

14.  Wave  superheater  flight  simulation .  193 

15.  Mass  injection  into  boundary  layer  using  transpiration  cooling, 

evaporation  or  reacting  surface .  198 

16.  Effect  of  coolant  choice  on  heat  transfer  rate .  198 

17.  Thermodynamic  coupling  effect  for  helium  injection  through  porous 

plate  (2.6<  M<4 .3) .  199 

18.  Stagnation  point  mass  injection  in  hypersonic  flow .  200 

19.  Thermal  efficiency  for  several  cooling  techniques .  201 

20.  Schematic  cross  section  of  the  inagneto-plasma-dynamir.  arc .  202 

21.  Filament  oxidation  apparatus  (schematic) .  207 

22.  Oxidation  probabilities  for  molybdenum .  208 

23.  Oxidation  probabilities  for  graphite .  209 

24.  Oxygen  atom  nonequilibrium  regimes  during  re-entry .  209 

25.  Light  output  vs.  pressure  for  an  electron  beam  through  air  at  room 

-temperature .  211 

26.  Excitation  and  emission  paths  for  the  N*  first  negative  system  ex¬ 

cited  by  fast  electrons .  212 

27.  Electron  beam  density  and  temperature  measuring  system  in  a 

hypersonic  shock  tunnel .  213 


vH 


AFOSR  Organization 


Preceding  Page  Blank 


i 


The  Role  of  AFOSR 

Dr.  William  J.  Price,  Executive  Director 

During  the  past  3  years  an  extensive  reevalua¬ 
tion  of  the  Air  Force  Office  of  Scientific  Research 
has  been  in  progress  within  AFOSR  and  its  parent 
command,  the  Office  of  Aerospace  Research.  This 
examination  has  been  directed  toward  further  in¬ 
creasing  the  effectiveness  of  AFOSR  in  perform¬ 
ing  its  mission  of  helping  to  strengthen  the 
future  operational  Air  Force  through  scientific 
research  activities. 

These  studies  make  it  abundantly  clear  that 
the  Air  Force  is  dependent  on  science  in  many 
ways.  Thus  AFOSR  is  challenged  to  carry  out 
its  business  in  such  a  manner  as  to  optimize  the 
benefits  accruing  to  the  Air  Force  from  scientific 
research  activities,  whatever  their  nature  or 
location. 

The  reevaluation  has  thus  dealt  with  a  variety 
of  matters  including  the  past  accomplishments  of 
AFOSR,  the  relationship  of  AFOSR  to  both  user 
agencies  and  other  research  agencies,  the  type  of 
activities  sponsored,  and  the  distribution  of  re¬ 
search  efforts  among  the  various  scientific  dis¬ 
ciplines.  Concurrently,  we  have  studied  the  more 
general  questions  of  the  interaction  between  sci¬ 
ence  and  technology,  and  of  the  changing  patterns 
in  the  support  of  research  in  the  U.S.A.,  particu¬ 
larly  trends  in  both  roles  of  individual  research 
support  agencies,  and  in  funds  available  for  this 
support.  We  have  given  particular  attention  to 
the  role  of  AFOSR  in  light  of  these  various 
factors. 

This  essay  summarizes  some  of  our  findings. 
One  central  theme  emerges — that  the  current 
AFOSR  is  a  highly  viable  organization.  We  find 
that  AFOSR  has  an  important  mission  to  per¬ 
form,  that  it  has  an  excellent  reputation  with  the 
scientific  community  as  a  good  research  agency 
with  which  to  work,  that  it  has  a  good  record  of 
accomplishment  on  which  to  build,  and  that  it  has 
a  competent  and  dedicated  staff  to  manage  the 
programs  of  the  future.  We  believe  that  any 
future  increase  in  effectiveness  will  come  from 
careful  building  upon  this  foundation. 
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The  Interaction  Between  Science  end  Technology 

We  have  been  carrying  out  studies  which  have 
provided  us  with  a  large  increase  in  specific  in¬ 
formation  showing  how  the  Air  Force  has  bene¬ 
fited  from  the  AFOSR  program.  Part  of  this 
material  is  presented  as  accomplishments  in  this 
report  in  the  form  of  individual  subject  area 
papers  by  AFOSR  program  managers  and 
through  the  summary  paper  “Relating  the  Ac¬ 
complishments  of  AFOSR  to  the  Needs  of  the 
Air  Force.''  In  the  course  of  these  studies  we  have 
collected  and  analyzed  information  about  the  in¬ 
teraction  between  science,  and  technology  (/). 

We  find  it  is  helpful  in  discussing  the  interac¬ 
tion  between  science  and  technology,  as  well  as  in 
describing  AFOSR  and  its  accomplishments,  to 
divide  research  and  development  activity  into  two 
broad  categories,  phenomcna-oriented  science  and 
technology.  In  technology,  creative  efforts  are  pri¬ 
marily  concerned  with  synthesis:  that  is,  integra¬ 
tion  of  previously  existing  knowledge  components 
into  operational  capability — for  example,  systems, 
devices,  processes,  methods,  and  materials.  In  con¬ 
trast,  phenomcna-oriented  science  is  more  heavily 
concerned  with  the  origins  of  the  knowledge  com¬ 
ponents  themselves. 

Here  both  applied  science  and  engineering  de¬ 
velopments  are  classified  as  parts  of  technology. 
Applied  science  is  so  named  because  its  goal  is 
some  sort  of  application  of  scientific  principles. 
Thus  the  name  comes  from  the  goal.  V  phenomena- 
oriented  scientist  concerns  himself  with  the  eluci¬ 
dation  of  natural  phenomena.  Thus  his  goal  is  the 
study  of  phenomena,  and  consequently,  it  is  rea¬ 
sonable  to  call  his  activity  “phenomcna-oriented 
science.” 

As  new  phenomena  are  understood,  this  new 
knowledge  is  made  available  to  the  scientific  and 
technological  communities  in  many  ways.  How¬ 
ever,  it  is  important  to  note  that  the  new  infor¬ 
mation  becomes  known  by  the  peer  group  in  the 
world  scientific  community  much  sooner  than  it  is 
known  by  other  groups,  particularly  those  asso¬ 
ciated  primarily  with  technology.  Important  new 
knowledge  is  known  to  members  of  the  “invisible 
college,”  that  is,  those  researchers  active  in  the  par¬ 
ticular  segment  of  the  research  front,  well  in  ad- 
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vance  of  any  formal  written  publication.  Thus  new 
science  forges  ahead,  relatively  independent  of  an 
ambient  technology. 

Similarly,  technology  usually  feeds  upon  tech¬ 
nology,  in  the  presence  of  an  ambient  science.  It 
haa  become  increasingly  clear,  especially  to  the  his¬ 
torians  of  science,  that  technology  events  are  usu¬ 
ally  initiated  within  technology,  this  means  that 
usually  it  is  difficult  to  establish  a  unique  correla¬ 
tion  between  an  important  technological  event  and 
one  within  phenomena -oriented  science.  One  well- 
known  exception  is  nuciva  ■  power,  and  its  origin 
in  the  discovery  of  nuclea"  fission.  Our  study 
shows  that  one  does  not  usually  find  phenomena- 
oriented  research  producing  a  new  and  unex¬ 
pected  opportunity  which  then  stimulates  a  new 
engineering  opportunity.  (This  observation  is  con¬ 
sistent  v.  ith  those  of  other  recent  studies  on  science 
and  technology  interaction  (£,  3,  {) ).  Instead,  we 
find  phenomena-oriented  research  supporting 
technology  in  many  other  important  waya 

Thus  the  gross  picture  is  that  technology  usually 
feeds  upon  technology  and  phenomena-oriented 
science  usually  feeds  upon  phenomena-oriented 
science.  However,  at  the  same  time  we  find  that 
there  is  a  strong  important  interaction  (almost  a 
symbiosis)  between  the  two  spheres  of  activity. 

It  is  found  that  the  science-technology  interac¬ 
tions  leading  to  utilization  of  phenomena-oriented 
research  are  usually  initiated  by  persons  who,  har¬ 
ing  the  urgent  need  for  knowledge,  search  for  the 
solution  through  prior  research.  The  scientists  who 
are  consulted  also  play  a  very  key  role  on  their  ride 
of  the  dialogue,  providing  knowledge  and  inter¬ 
pretation  from  their  field. 

The  fact  that  new  knowledge  originating  in 
phenomena-oriented  research  often  has  implicit  in 
it  important  new  opportunities  for  exploitation 
means  that  when  these  can  be  recognized  on  the 
research  ride,  great  advantages,  particularly  in 
timing,  can  he  realized.  This  is  an  important  area 
for  increased  attention  by  phenomena-oriented  re¬ 
search  activities,  toward  the  end  that  initiative  can 
he  successfully  taken  by  the  scientist  more  fre¬ 
quently. 

Our  conclusion  from  these  studies  is  that  the 
conventional  picture,  which  emphasizes  a  process 
with  unique  scientific  events  being  followed  in  an 
orderly  manner  by  applied  research,  development, 
etc.,  is  usually  not.  borne  out.  Since  that  picture  ap¬ 
pears  to  be  the  exception  rather  than  the  rule,  it  is 
misleading  to  attempt  to  elucidate  the  contribu¬ 


tion  of  phenomena-oriented  science  by  studying 
this  process  primarily.  In  fact,  the  failure  to  ob¬ 
serve  a  large  number  of  such  cases  could  lead  to  a 
nonobjective  backlash  in  which  the  real  (and  very 
important)  process  involving  the  flow  of  an  im¬ 
mense  number  of  items  of  information  across  the 
technology -science  interface  is  not  recognized. 

Th •  He /•  of  AFOSt 

We  have  studied  the  mission  which  AFOSR 
has  performed  over  the  years,  its  accomplish¬ 
ments,  and  the  studies  which  the  National  Acad¬ 
emy  of  Sciences  is  making  through  its  committee 
on  science  and  public  policy,  particularly  those 
studies  which  have  dealt  with  the  definition  of  the 
role  of  a  research  agency  in  a  mission-oriented 
organization  (6.  6) :  we  have  assessed  the  impact 
of  the  growing  number  of  research  agencies  on 
the  AFOSR  mission  (0) ;  we  have  studied  the 
analogy  between  the  role  of  AFOSR  in  the  USAF 
and  that  of  other  fundamental  research  activities 
in  a  mission-oriented  parent  organization,  for 
example,  the  corporate  research  laboratory  in  a 
large  industry  (7).  Particularly,  we  have  studied 
(lie  needs  of  the  Department  of  Defense  in  view 
of  the  nature  of  the  interaction  between  science 
and  technology  and  the  capability  of  the  AFOSR 
to  support  the  DOD.  These  studies  have  led  us  to 
describe  our  current  role  as  follows. 

One  may  think  of  AFOSR  as  a  research  insti¬ 
tute  made  up  of  the  AFOSR  staff  and  various 
advisers  as  research  institute  managers,  and  the 
contractors  and  grantees  performing  research. 
This  institute  concept  may  be  visualized  as  an 
activity  which,  by  providing  an  interface  with 
both  the  scientific  community  and  the  Air  Force, 
improves  the  interaction  between  them.  Both  inter¬ 
faces  are  of  course  very  important  . 

AFOSR  is  well-suited  to  providing  the  required 
interfaces.  Since  it  has  a  well-established  reputa¬ 
tion  in  the  scientific  community  as  a  good  research 
agency  with  which  to  work,  it  attracts  the  interest 
of  the  world's  top  scientific  talent.  At  the  same 
time,  staff  members  of  AFOSR  have  the  mission, 
experience  and  techniques  required  for  identifying 
DOD  problem  areas  and  translating  them  into 
scientific  research  opportunities  or  in  reverse,  in 
translating  scientific  knowledge  and  understand¬ 
ing  into  results  for  DQD  users. 

In  this  interface  role  between  science  and  tech¬ 
nology,  the  AFOSR  research  institute  performs 
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two  major  functions.  First,  it  accomplishes  re¬ 
search,  thus  helping  to  colonize  relevant  scientific 
knowledge,  and  second,  it  provides  communica¬ 
tion  between  the  scientific  community  and  using 
agencies. 

The  selection  of  research  areas  in  which  to 
accomplish  Air  Force  supported  phenomena- 
oriented  research  may  be  motivated  by  helping 
a  development  group  solve  certain  difficult 
classes  of  relatively  short-term  technical  problems 
through  a  fuller  understanding  of  the  phenomena 
behind  them,  or  as  is  more  common,  by  seeking 
to  open  new  fields  of  science  holding  out  high 
promise  for  generating  new  knowledge  needed  to 
help  evolve  future  technologies.  The  strategy  is 
to  attempt  to  colonize  1  those  areas  selected  to  be 
particularly  relevant  to  the  long-term  interests  of 
the  USAF.  The  selection  of  these  areas  continues 
to  be  the  most  important  challenge  faced  by  the 
AFOSR. 

The  communication  provided  by  the  research 
institute  is  two-way-needs  to  the  research  pro¬ 
gram  and  scientific  information  to  the  users.  We 
provide  this  communication  by  engaging  in  many 
types  of  coupling  activities.  For  example,  part  of 
what  we  purchase  through  contracts  and  grants 
is  primarily  designed  to  provide  communication. 
This  part  refers  not  only  to  the  symposia  we 
sponsor,  but  also  to  the  connecting-type  research 
which  allows  us  to  keep  abreast  of  a  variety  of 
those  scientific  areas  largely  supported  by  other 
agencies,  in  which  rapidly  emerging  scientific 
developments  of  possible  importance  to  the  Air 
Force  are  taking  place. 

The  management  responsibility  for  this  coup¬ 
ling  lies  with  the  individual  AFOSR  program 
managers.  This  part  of  their  function  is  essentially 
an  open-ended  one — that  is,  the  opportunities  are 
essentially  limitless.  It  is  one  in  which  professional 
knowledge  and  ingenuity  have  a  high  premium. 

Regardless  of  the  background  with  which  an 
AFOSR  staff  scientist  comes  to  the  job,  he  must 
keep  his  contacts  with  counterparts  in  the  Air 
Force  applied  research -exploratory  development 
community  current.  Here  personal  contacts  are 


1  Colonists*  auj  be  described  as  Increasing  the  change  of  im¬ 
portant  discovery  la  an  area  deemed  to  bold  promise  for  the  Air 
Foret  by  "raiL'af  the  temperature"  of  the  world's  scientific  ac¬ 
tivity  In  that  field.  Through  judicious  support  of  phecoaeua 
oriented  ;ese*reh  nod  other  activities  such  as  symposia,  the  Air 
Force  has  helped  colonist  the  activity  numerous  research  areas, 
with  the  result  that  the  Air  Force  research  import .  amplified  by 
that  supported  hr  Boa-Air  Force  foods,  has  affected  «ery  signifi¬ 
cantly  the  rote  of  development  of  important  rdentifip  areas. 


made  by  visits,  correspondence,  special  reports, 
program  reviews,  participation  in  joint  task 
groups,  etc. 

Some  of  the  most  meaningful  coupling  activi¬ 
ties  are  those  which  directly  involve  the  research 
scientists  AFOSR  has  under  contract.  We  find 
that  scientists  around  the  country  are  very  able 
and  willing  to  participate  directly  in  Air  Force 
activities  in  many  ways.  The  article  "The  AFOSR 
Coupling  Program,”  elsewhere  in  this  volume,  de¬ 
scribes  the  /rowing  role  which  AFOSR  is  play¬ 
ing  in  communication  between  science  and 
technology. 

There  are  other  direct  roles  played  by  the 
AFOSR  research  support  which,  although  second¬ 
ary  in  importance  when  compared  with  the  two 
described  above,  are  nevertheless  important.  These 
include  education  of  graduate  students  in  fields 
particularly  relevant  to  the  HOD;  the  providing 
of  research  support  which  makes  it  possible  for 
many  consultants  for  aerospace  industries,  and 
government  to  keep  their  expertise:  and  the 
strengthening  of  U.S.  science  by  having  multiple 
sources  of  support  available. 

AFOSR  also  provides  the  DOD  with  a  quick 
reaction,  program  management  and  procurement 
organization  for  accomplishing  special  activities 
requiring  the  participation  of  the  scientific  com¬ 
munity.  Examples  include  the  new  scientific  in¬ 
vestigation  of  unidentified  flying  objects,  the  pub¬ 
lic  reaction  studies  to  sonic  boom  produced  by  the 
supersonic  transport,  the  DOD  Project  Themis,  a 
program  to  strengthen  the  Nation’s  academic 
institutions,  and  numerous  projects  for  the  Ad¬ 
vanced  Research  Project  Agency  of  the  DOD. 

Ik*  CfioHang*  faced  by  AFOSR 

New  knowledge  and  understanding  properly- 
utilized  represent  power — the  possibility  of  bring¬ 
ing  about  effective  solutions  to  some  of  society's 
problems  on  a  timely  basis,  the  competitive  edge 
of  one  industry  over  another,  or  the  defense  of 
one's  country  against  anothpr  with  alien  purposes. 
With  the  rapidly  expanding  body  of  both  knowl¬ 
edge  and  application,  the  time  from  understanding 
to  use  has  been  continually  decreasing  and  the 
ability  of  an  organization  to  change  accordingly 
has  become  a  very  important  factor. 

New  scientific  research  is  typically  packaged  in 
terms  of  scient  ific  disciplines,  while  society’s  prob¬ 
lems  almost  always  apjiear  in  other  forms.  There- 
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fore,  there  are  special  interface  problems  of  a  par¬ 
ticularly  challenging  nature  which  need  to  be 
worked  out  in  providing  effective  communication. 

Of  course,  engineers  and  others  with  similar 
responsibilities  must  always  play  a  key  role  in  the 
required  communication;  this  is  well  recognized. 
However,  the  role  of  the  scientific  community  is 
not  recognized  or  understood  nearly  as  fully. 
As  n  matter  of  fact,  in  some  quarters  there 
is  still  the  misconception  that  ‘’good”  science 
should  be  “pure  academic  research”  where  the  con¬ 
cept  of  purity  implies  a  conscious  and  even  self- 
righteous  disengagement  from  utility  (8). 

The  primary  challenge  to  AFOSR  is  to  help 
assure  that  the  scientific  part  of  this  interface 
activity  is  performed  in  an  optimum  manner. 
Toward  this  end  we  are  committed  to  the  support 
of  phenomena -oriented  scientific  research  activities 
because  we  believe  that  this  support  brings  the 
Air  Force  very  direct  benefits  that  cannot  be  ob¬ 
tained  through  research  which  is  closely  allied 
to  the  end  items  nor  through  fundamental  science 
support  by  other  agencies.  We  are  committed  to 
the  unapologetic  support  of  research  which  is  ad¬ 
mittedly  strongly  science-oriented.  The  major  con¬ 
tribution  of  AFOSR  is  that  we  provide  mecha¬ 
nisms  by  which  highly  creative  science-oriented 
persons  are  involved  in  the  Air  Force  program  in 
ways  which  both  we  and  they  agree  to  be  mutually 
beneficial.  We  are  thus  at  least  partially  tapping 
this  important  potential  for  the  continued 
strengthening  of  the  defense  of  the  country. 

In  carrying  out  these  activities,  we  meet  two 
special  challenges  of  a  continuing  nature.  First, 
how  does  one  optimize  the  distribution  of  our  effort 
among  possible  areas  of  interest  ?  While  the 
AFOSR  program  will  always  cover  a  wide  spec¬ 
trum,  it  is  dominated  by  those  fields  dearly  rele¬ 
vant.  to  the  Air  Force.  However,  a  narrow  defini¬ 
tion  of  mission  relevance  must  not  be  allowed  to 
restrict  this  distribution  unduly. 

The  second  challenge  is  to  work  creatively  and 


effectively  in  catalyzing  the  very  important  inter¬ 
action  between  science  and  technology.  For  ex¬ 
ample,  our  studies  referred  to  earlier  indicate  that 
although  new  scientific  knowledge  is  disseminated 
within  the  scientific  community  quite  soon  after 
its  discovery,  often  considerable  time  elapses  be¬ 
fore  it  becomes  known  to  those  primarily  concerned 
with  utilizing  it.  The  results  of  our  growing  cou¬ 
pling  program  at  AFOSR,  which  among  other 
things  is  aimed  at  reducing  this  time,  encourage 
us  that  this  part  of  our  mission  is  indeed  a  fruit¬ 
ful  one. 

In  conclusion,  I  wish  to  state  that  AFOSR  is 
managing  a  research  program  which  is  oriented 
to  meet  the  needs  of  the  Air  Force.  Whether  we 
are  choosing  these  areas  in  which  to  support  re¬ 
search  or  whether  we  are  promoting  the  all-im¬ 
portant  dialogue  between  the  scientific  community 
and  those  seeking  to  use  science  for  defense  pur¬ 
poses,  our  aim  is  to  manage  a  research  program 
tailored  to  meet  the  DO I)  needs. 
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The  Relevancy  of  the  AFOSR 
Research  Program  to  the  Operating 
Needs  of  the  Air  Force 

Col.  Ivan  C.  Atkinson,  Deputy  Executive 

Director 

The  value  of  AFOSR  to  the  Air  Force  comes 
through  the  exercise  of  our  capability  for  provid¬ 
ing  an  effective  bridge  between  the  needs  of  the 
Air  Force  and  the  opportunities  inherent  in  the 
continually  emerging  frontiers  of  science.  Our 
challenge  is  to  help  assure  the  maximum  impact 
of  new  scientific  activities  throughout  the  world  on 
the  future  operational  Air  Force.  The  relevancy  of 
the  AFOSR  research  program  is  a  measure  of  the 
degree  to  which  the  overall  impact  is  maximized. 

Thm  Kmy  to la  of  AFOSR  Program  Monagora 

AFOSR  is  ideally  suited  to  provide  an  effective 
bridge  between  the  Air  Force  wnd  science.  On  the 
one  hand  our  program  managers  arc  in  an  excellent 
position  to  determine  the  Air  Force  needs  and  to 
orient  the  scientific  activities  which  they  select  to 
meet  these  needs.  On  the  other  hand,  being  orga¬ 
nized  as  we  are  in  terms  of  scientific  disciplines 
and  having  the  reputation  as  a  good  research 
agency  with  which  to  deal,  we  attract  the  interest 
and  participation  of  the  leading  scientists,  those 
persons  who  actually  have  their  choice  of  sources 
of  funds.  Thus  we  are  able  to  involve  highly 
creative  scientists  in  activities  relevant  to  the  Air 
Force  and  to  do  this  in  ways  that  both  the  Air 
Force  and  the  scientific  community  agree  to  be 
mutually  beneficial. 

Guidance  as  to  the  Air  Force  needs  comes  to 
AFOSR  in  several  forms.  Information  as  to  the 
Air  Force  mission  in  space  functions,  limited  con¬ 
flict,  strategic  offense,  air  defense,  training,  log¬ 
istics,  and  other  areas  obtained  from  such  sources 
as  the  document,  “USAF  Planning  Concepts  ('The 
Plan),”  and  from  major  speeches  of  the  Secretary 
of  the  Air  Force,  Dr.  Brown,  and  the  Chief  of 
Staff,  General  McConnell.  Many  more  specific 
needs  are  referred  to  us  from  higher  headquarters 


and  by  other  parts  of  the  Air  Force.  We  establish 
special  studies,  as  for  example  the  “Seminar  Series 
on  Long-Range  Problems  of  Limited  War”  and 
the  “Workshop  on  Fundamental  Problems  of  Fu¬ 
ture  Aerospace  Structures"  to  bring  into  better 
focus  various  parts  of  the  Air  Force  research  needs. 
We  participate  in  the  formulation  of  the  “OAR  5- 
Year  Plan”  on  an  annual  basis.  We  have  inputs 
from  the  Air  Force  RDT&E  Community  through 
our  in-house  advisory  committees  and  through  the 
many  informal  visits  between  AFOSR  program 
managers  and  the  Air  Force  user  organizations. 

Through  these  and  other  mechanisms,  AFOSR 
keeps  abreast  of  the  needs  of  the  Air  Force.  Utiliz¬ 
ing  this  information,  the  AFOSR  program  man¬ 
ager  matches  the  needs  of  the  Air  Force  and  the 
opportunities  present  in  emerging  new  science. 
Clearly  then  the  AFOSR  program  managers  serve 
a  key  role  in  assuring  relevance. 

Thm  Rofava at  Program  i»  thm  Balanced  Ona 

In  order  to  make  the  optimum  contribution  to 
its  mission,  AFOSR  must  have  the  proper  balance 
in  the  various  activities  in  which  it  engages.  The 
preceding  article  discusses  the  various  AFOSR 
roles  in  colonizing  areas  and  in  providing  com¬ 
munication  between  science  and  users,  for  example. 
A  variety  of  activities  are  equally  relevant  to  ful¬ 
filling  the  AFOSR  mission  of  providing  the  var¬ 
ious  elements  in  the  proper  balance.  Certainly  the 
main  part  of  our  activity  must  always  be  placed 
on  new  sciences  or  new  aspects  of  sciences  which 
show  particular  promise  for  technological  applica¬ 
tion  to  future  Air  Force  operations.  This  research 
attempts  to  colonize  new  fields  of  science  holding 
high  promise  for  scientific  discovery  from  which 
innovations  can  arise.  Results  or  their  possible  ap¬ 
plications  cannot  be  forecast  with  any  degree  of 
certainty.  The  problem  is  to  select  from  a  large 
number  of  possible  research  projects  those  which 
hold  the  most  promise  of  scientific  progress  toward 
general  goals  of  long-term  Air  Force  interest. 

Another  important  category  of  AFOSR  activ¬ 
ity  is  aimed  at  helping  development  groups  solve 
certain  difficult  classes  of  relatively  short  term 
technical  problems  through  a  fuller  understanding 
of  the  phenomena  underlying  them.  The  initiation 
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of  this  type  of  research  requires  a  high  degree  of 
awareness  of  Air  Force  research  needs  on  the  pert 
of  both  the  AFOSR  project  scientists  and  the  in¬ 
vestigators.  However,  while  the  scope  of  the  in¬ 
quiry  is  fashioned  with  these  interests  in  mind, 
the  investigators  retain  a  great  deal  of  freedom  as 
to  methods  of  approach  and  otherwise  bring  the 
full  force  of  fundamental  research  methods  to 
thees  more  applied  problems. 

To  maintain  balance,  a  minor  but  very  impor¬ 
tant  part  of  our  activity  must  be  in  keeping  abreast 
of  a  variety  of  scientific  areas,  largely  supported 
by  non-Air  Force  agencies,  in  which  rapid  and 
significant  developments  of  importance  to  the  Air 
T-orc e  are  taking  place.  This  is  the  connecting- 
type  of  support.  AFOSR  does  this  by  selecting  re¬ 
searchers  not  only  for  the  quality  of  their  work 
but  also  for  their  ability  to  provide  advice  and 
information  regarding  the  entire  field  in  which 
they  are  working. 

By  keeping  these  various  activities  in  proper 
balance,  the  Air  Force  will  be  benefited  to  the 
greatest  degree.  This  is  an  area  in  which  there  is 
a  high  premium  on  the  judgment  and  foresight  of 
the  program  managers.  There  are  many  pressures, 
not  the  least  of  which  being  the  desire  of  the  pro¬ 
gram  manager  to  show  tangible  results,  which 
cause  the  program  to  tend  toward  shorter  range 
problems  areas.  On  the  other  hand,  too  little  con¬ 
cern  with  utility  works  against  the  highly  impor¬ 
tant  dialogue  between  science  and  technology 
which  AFOSK  provides. 

Tho  Kutaorrh -Technology  Interface 

A  comprehensive  discussion  of  all  the  aspects 
determining  relevancy  is  beyond  the  scope  of  this 
paper.  “Relating  the  Accomplishments  of  AFOSR 
to  the  Needs  of  the  Air  Force,”  included  in  this 
volume,  is  .one  such  broad  discussion.  I  shall  re¬ 
strict  my  remarks  to  relevancy  of  the  AFOSR  pro¬ 
gram  to  Air  Force  technology  requirements. 

The  AFOSR  mission  statement  includes  the 
phrase  “Supports  programs  of  extramural  re¬ 
search  d  signed  to  provide  new  scientific  knowl¬ 
edge  and  understanding  in  those  areas  of  science 
which  offer  the  greatest,  potential  for  improving 
the  Air  Force’s  present  and  future  operational 
capability.”  This  operational  aspect  naturally 
brings  to  mind  the  weapon  system  which  can  be 
viewed  and/or  read  about  by  the  taxpayer.  How¬ 
ever,  because  of  the  many  steps  in  the  complex 


process  of  conceiving  and  developing  a  weapon 
system,  the  role  research  plays  cannot  usually  be 
associated  clearly  with  the  development  of  weapon 
systems.  In  n  large  majority  of  cases  reeearch 
does  not  jump  immediately  mto  a  weapon  system 
but  works  its  way  up  the  triangle  route  whereby 
the  complexity  of  the  application  increases  as  you 
proceed  upward.  The  apex  of  the  triangle  is  the 
mission.  From  that  point  downward  are  ell  the 
contributing  areas — the  weapon  syrtem,  opera¬ 
tional  systems  development,  engineering  develop¬ 
ment,  and  advanced  development  and  exploratory 
development  (including  applied  reeearch).  At  the 
base  of  the  triangle  is  research. 

Conceptually  at  least  one  can  determine  the  rel¬ 
evancy  of  research  for  supporting  the  operational 
missions  by  tracing  through  the  various  inter¬ 
mediate  relationships.  In  practice  one  finds  this 
approach  to  he  of  limited  validity ;  there  are  too 
many  uncertainties  in  establishing  the  required 
relationship.  Perhaps  the  greatest  limitation  in 
developing  this  methodology  is  inherent  in  the 
nature  of  science  and  technology  interactions.  We 
find  important  interactions  occurring  between 
scientific  research  activities  and  technology  at 
several  levels  of  mission  development,  not  just  at 
the  interface  of  applied  research  with  science. 

We  do,  however,  find  it  meaningful  to  establish 
relationships  between  our  scientific  research  activ 
ities  and  technology  whereby  technology  means 
the  broad  group  of  applied  science  and  engineer¬ 
ing  development  activities  engaged  in  to  bring 
about  new  systems,  devices,  processes,  and  mate¬ 
rials  of  use  to  the  Air  Force. 

At  this  point  it  might  be  wise  to  point  out  that 
the  interface  Letween  the  science  and  technology 
is  of  a  different  character  from  those  existing 
nt  other  parts  of  the  development  process.  The 
scientific  research  is  phenomena-oriented  and  tech¬ 
nology  is  hardware-oriented.  It  might  be  said  this 
boundary  is  where  orientation  is  given  to  the  re¬ 
search  results.  If  a  too  restrictive  policy  is  applied 
to  the  support  of  research,  this  orientation  process 
takes  place  sooner,  and  consequently  the  benefits 
which  are  to  be  derived  from  the  more  flexible 
approach  inherent,  in  phenomena-oriented  science 
will  be  denied  to  the  Air  Force. 

Often  research  results  cannot  be  predicted  with 
certainty.  Relevancy  cannot  be  determined  with 
certainty  beforehand  inasmuch  as  pioneering  re¬ 
search  may  open  up  or  colonize  a  new  area. 
Granted  that  this  action  is  not  in  the  majority  of 


cases,  but  it  is  the  one  where  new  and  unique  ideas  sive  results  before  the  new  area  becomes  apparent, 

are  I  torn.  These  items  lead  to  new  concepts  and  but  when  it  does,  the  scientific  community  usually 

whole  new  technological  worlds.  If  an  old  wording  extends  its  efforts  in  that  direction.  Consequently, 
is  allowed,  these  are  breakthroughs  in  the  real  a  new  and  unique  area  is  nurtured  to  the  point 

sense.  Sometimes  this  process  has  to  accrue  exten-  where  technology  can  benefit. 
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Dr.  Demetrioa  G.  Samaras,  Project  Scientist 
Maj.  Bussell  G.  Langlols,  Project  Scientist 
Lt.  CoL  Cornelius  J.  Donovan,  Project  Scientist 

Dr.  Harold  A.  Wooster.  Director  of  Information 

Sciences  (SRI) _  45407 

Mrs.  Rowena  W.  Swanson,  Project  Scientist 
Capt.  Eliot  Rohmer.  Project  Scientist 


Dr.  Lloyd  A.  Wood,  Director  of  Physical  Sciences 

(SRP)  . . .  45451 

Dwight  L.  Wennersten,  Chief,  General  Physics 
Division  (SRPP) . . 45454 


Dr,  Marshall  C.  Harrington.  Project 
Scientist 

Capt.  David  A.  Haycock,  Project  Scientist 
Dr.  Ralph  E.  Kelley,  Project  Scientist 
William  J.  Best,  Chief,  Geophysics  Division 

(SRPO) . 45456 

Maj.  Durward  D.  Young  Jr.,  Project 
Scientist 

Dr.  Erich  W'eigold,  Acting  Chief,  Nuclear 

Physics  Division  (SRPN) _ 45581 

Maj.  Joseph  E.  Gorrell,  Project  Scientist 
Capt.  Donald  R.  Lehman,  Protect  Scientist 
Lt.  Col.  Ralph  W.  Conners,  Chief,  Solid  State 

Sciences  Division  i  SliPS) _ _ 45588 

Dr.  J.  Thomas  Ratchford,  Project  Scientist 
Lt.  Coi.  Sandal  A.  Houidobre,  I*roJect 
Scientist 

Max  Swerdiow,  Project  Scientlat 


Dr.  Harvey  E.  Savely.  Director  of  Life  Science* 
(SRL)  _ _ _  45041 


Col.  Leon  S.  Bogan.  Director  of  Procurement 

(SRK)  - - -  45275 
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AFOSR  Board  of  Visitors 


The  AFOSli  board  of  visitors  provides  the 
executive  director  with  scientific  and  technical 
advice  which  he  may  employ  during  the  planning, 
programing  and  pursuit  of  the  AFOSR  program. 
The  group  is  composed  of  eminently  qualified,  dis¬ 
tinguished  members  of  the  scientific  community, 
who  serve  as  members  of  the  OAR  scientific  ad- 
visoiy  group.  They  provide  a  continual  outside 
evaluation  of  both  the  effectiveness  of  AFOSR 
activities  and  policies,  and  their  impact  upon  the 


scientific  community.  Members  of  the  board  of 

visitors  are; 

P™***,f  L#w»rt  *  «•***  (Chairmen),  Department  of 
Pfcyatw,  Stanford  University. 

Dr.  Launor  T  Carter,  Senior  Vice  P  resident  ant  Director 
ot  Advanced  Technology  end  Research.  System*  IV- 
velopment  Corporation. 

«>r.  Carl  Kaplan,  Resesreh  Fellow.  John*  Hopkins  fnlver- 
aity. 

Dr.  Nathan  L.  Krtiberg,  Director  of  Kogineertng  Missiles 
and  Information  System*  Division,  the  Boeing  Co 

Ptofr^or  Gerald  It.  McDotmel,  M.D..  Department  of 
Badlolosy.  Center  for  the  Health  Science*.  University 
of  California  at  lo*  Angeles. 

DfJrPh  KaplaE'  Pr°re^<>r  of  I'hyalc*.  1’nlverstly  ot 
California  at  I**  Angeles;  ei  offlHo  member  as  Chair¬ 
man,  OAK  Sdentiflc  Advisory  Group. 
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The  History  of  AFOSR 

The  Air  Force  Office  of  Scientific  Btnwch  wm 
officially  established  1 1  August  1955.  It  had  existed 
in  recognizably  similar  form,  however,  since  29 
October  1951,  with  its  roots  going  back  still  farther 
to  the  first  appearance,  in  February  1948,  of  a  basic 
research  organization  at  Wright -Patterson  AFB. 

That  the  Air  Force  entered  the  business  of  basic 
research  when  it  did  was  due  in  great  measure  to 
the  determination  of  the  late  Dr.  Theodore  von 
Karman,  distinquished  Hungarian-born  aerody- 
namicist,  who  headed  the  Air  Force’s  scientific 
advisory  board  during  the  late  1940’s. 

On  '24  September  1949  the  Ridenour  report  ’  was 
transmitted  to  Gen.  Hoyt  S.  Vandenherg  with  a 
covering  letter  from  Dr.  von  Karman,  which  said : 

The  Air  Force  should  make  fuller  use  of 
the  technical  talent  and  facilities  possessed 
by  the  industries  and  the  universities  of  the 
country.  A  small  recurring  investment  in  the 
support  of  fundamental  scientific  investiga¬ 
tions  would  secure  for  the  Air  Force  the  en¬ 
thusiastic  support  of  4 he  foremost  scientists 
of  the  country;  such  men  are  today  being 
substantially  assisted  mainly  by  the  Office  of 
Naval  Researrh  and  the  AEC.  The  Air  Force 
is  clearly  faced  by  problems  requiring  funda¬ 
mental  scientific  investigations;  the  best  re¬ 
sults  in  such  work  can  be  secured  by  direct 
contact  between  an  Office  of  Air  Research  and 
scientists. 

In  February  1949,  the  Office  of  Air  Rwearch  was 
established  at  Wright -Pat  ten  son  under  the  imme¬ 
diate  jurisdiction  of  the  director  of  research  and 
development  of  the  Air  Materiel  Command,  and 
was  assigned  the  performance  of  both  basic  and 
applied  research.  In  performing  the  basic  research, 
it  made  use  of  both  contractural  efforts  and  in- 
house  work. 

On  23  February  1951,  Col.  Frank  J.  Seiler,  sec¬ 
ond  chief  of  the  Office  of  Air  Research,  described 

1  "Iwwrofc  ab4  In  the  I'alted  flfatM  Air  Force— 

Report  of  *  Special  Committee  of  the  Scientific  Airfiorj  Bo*M  to 
tie  Chief  of  Staff.  C8AJV*  ball  X.  Ridenour,  committee  chair' 

■An.  IMS- 


the  primary  mission  of  the  Office  of  Air  Research 
as  “to  sponsor,  encourage,  or  take  advantage  of,  in 
any  way,  all  basic  research  to  further  Air  Force 
ends.  It  is  always  necessary  to  keep  in  mind  Air 
Force  needs.  To  talk  in  terms  of  a  program,  one 
must  always  ask  the  question,  what  problems  need 
study  or  alleviation  t” 

litis  office  went  out  of  existence  in  April  1951, 
when  more  basic  portions  of  the  program  were 
transferred  to  Headquarters,  ARDC,  Baltimore, 
Md_  and  ultimately  became  part  of  the  assigned 
mis  on  of  the  Office  of  Scientific  Research  (OSR) , 
which  was  organized  as  a  headquarters  staff  sec 
t  ion  in  October  1951. 

OSR  was  mainly  concerned  with  administering 
a  research  program  which  was  largely  basic  rather 
than  applied,  and  which  was  conducted  entirely  by 
means  of  contracts  mostly  with  university  scien¬ 
tists.  But,  as  a  headquarters  staff  sect  ion,  OSR  also 
had  a  supervisory  role  with  respect  to  other  Air 
Force  research  activities.  This  role,  however, 
existed  more  on  paper  than  in  practice,  and  was 
later  eliminated. 

OSR’s  research  program  was  planned  along  the 
lines  of  the  traditional  scientific  disciplines,  and 
OSR  ifeself  was  organized  along  these  lines.  There 
were  originally  five  functional  divisions — chem¬ 
istry,  fluid  mechanics,  mathematics,  physics,  and 
the  solid  state  sciences — each  of  which  was  headed 
by  a  division  chief,  usually  a  civilian,  who  was 
given  considerable  freedom  in  formulating  a  pro¬ 
gram  for  his  division. 

In  February  1954,  OSR’s  position  in  Headquar¬ 
ters  ARDC  was  altered.  At  that  time  OSR  was 
stripped  of  its  staff  supervisory  functions  and 
dropped  down  ft  step  on  the  organizational  ladder. 
The  overall  supervision  of  ARDC  research  was 
now  in  the  hands  of  a  newly  established  directorate 
of  research  (Headquarters  ARDC). 

In  August  1955,  the  Office  of  Scientific  Research 
became  the  Air  Force  Office  of  Scientific  Research 
(AFOSR),  and  was  given  “center  status,”  mean¬ 
ing  that  it  was  henceforth  to  be  regarded  not  as  a 
headquarters  staff  section,  but  as  an  agency  on 
the  same  footing  with  such  ARDC  field  organi¬ 
zations  as  the  Air  Force  Cambridge  Research 
Center  and  the  Wright  Air  Development  Center- 
As  a  measure  of  the  organization’*  new-found  stat- 


ure,  a  general  officer,  Brig.  Gen,  Don  B.  Flick- 
'nger,  was  named  its  commander.  The  resemblance 
to  n  field  organization  was  further  sharpened  in 
July  1956  when  A  FOSE  severed  its  physical  con¬ 
nection  with  Headquarters  ARDC  by  moving 
from  Baltimore  to  Washington,  D.C. 

Officially,  the  granting  of  “center  status”  was 
designed  to  Iveighten  the  prestige  and  importance 
of  research  within  the  Air  Force.  Some  AFOSR 
administrators  felt,  however,  that  it  was  reallv  a 
step  downward,  since  it  placed  the  contractual  re¬ 
search  agency  under— rather  than  within— com¬ 
mand  headquarters.  During  the  following  years 
AFOSR  did,  nevertheless,  experience  a  steady 
growth  in  the  size  and  scope  of  its  research  pro¬ 
gram. 

Concurrently  with  the  creation  of  AFOSR  as 
a  separate  center,  AFOSR  was  reorganized  in¬ 
ternally.  This  had  little  effect  on  the  AFOSR 
program.  The  old  divisions  were  either  abolished 
and  replaced  by  new  directorates,  or  else  direc¬ 
torates  were  superimposed  upon  the  old  divisions. 
The  research  programs  continued  as  before,  al¬ 
though  in  some  cases  under  different  men.  The 
same  general  internal  structure  stands  today. 

AFOSR’s  new  center  status  was  accompanied  by 
increased  support.  The  organization's  budget  al¬ 
most  doubled  from  $1 3.9  million  in  fiscal  vear 
1956  to  $27  million  in  fiscal  year  1959.  The  larger 
budgets  permitted  AFOSR  to  fund  not  only  more 
projects  but  also  more  expensive  ones,  whose  costs 
at  one  time  had  been  prohibitive.  Thus,  the 
AFOSR  program  during  the  late  1950’s  possessed 
a  variety,  a  quality,  and  a  spark  that  it  lacked  in 
the  earlier  years. 

A  m*]or  review  of  the  Air  Force  basic  research 
program  was  set  forth  in  the  Stever  committee  re¬ 
port  issued  in  June  1958,  This  was  a  blue  ribbon 
committee  asked  to  reexamine  the  findings  of  the 
Ridenour  committee  re|*>rt  of  some  9  years  earlier. 
The  chairman  was  H.  Guyford  Stever.  associate 
dean  at  MIT,  and  a  former  Air  Force  chief  scien¬ 
tist  (1956-57). 

The  Stever  committee  said,  “The  Air  Force  has 
a  mission  to  sponsor  and  support  exploratory  re¬ 
search.  In  this  way  tin  Air  Force  shares  with  the 
other  services  the  payment  for  research  of  general 
interest  to  the  military.  This  ensures  the  establish- 
ment  of  effective  lines  of  communication  with  all 
of  the  scientific  mmnnity  of  the  country,  much 
of  which  will  *  ally  but  inevitably  contribute 


ro  rSAF’*  ability  to  perform  its  mission.” 

The  wotd  mission  is  used  here  in  the  nonmilitary 
sense,  and  the  emphasis  seems  to  be  that  set  forth 
m  HOD  Directive  No.  3210.1,  “Policy  on  Basic 
Research,  of  19  June  1952,  which  states: 

To  provide  the  essential  foundation  for  the 
techniques  of  war.  the  DOD  must  assure  that 
baric  research  is  adequately  supported  in  all 
areas  where  the  presence  of  knowledge  is  im¬ 
portant  to  the  military  effort  *  ♦  * 
in  universities,  non-profits  *  •  *  may  be  of  a 
kind  which  docs  not  have  specific  aims  but 
nolds  promise  of  some  ultimate  military 
application. 

This  directive  confirmed  the  role  of  the  DOD 
in  sponsoring  basic  research  in  relation  to  the  Na¬ 
tional  Science  Foundation  Act  of  1950.  The  em¬ 
phasis,  in  this  selection  from  the  basic  documents 
responsible  for  establishing  the  Air  Force  pro 
gram  of  contract-supported  basic  research,  has 
been  on  the  nature  of  the  research  to  be  supported, 
rather  than  the  mechanisms  for  administering 
there  research  contracts.  The  fundamental  pas¬ 
sage  is  that  of  the  Ridenour  report  of  September 

A  small  fraction— say  2  or  3  percent— of  the 
research  and  development  budget  of  the  Air 
Forre  should  lie  consistently  assigned  for  the 
rwearrh  in  broad  general  fields  »»  problems 
which,  without  being  directed  toward  specific 
goals  or  applications,  are  of  potential  interewt 
to  the  Air  Force. 

T^  following  statement,  by  a  committee  of 
university  and  industrial  research  scientists,  is  rep¬ 
resentative  of  the  conclusions  which  have  been 
reached  by  the  vast  majority  of  those  individuals 
and  groups,  both  within  and  outside  of  USAF, 
who  have  given  serious  thought  to  the  place  of 
basic  exploratory  research  in  the  lTSA  F : 

The  Air  Force  should  continue  and  expand 
its  support,  of  exploratory  research,  originat¬ 
ing  in  the  ideas  of  working  scientists,  both  at 
its  in-house  laboratories  and  through  con 
tracts,  such  as  those  administered  by  the  Air 
Force  Office  of  Scientific  Research.  The  Air 
Force  canm.t  rely  upon  other  governmental 
agencies,  such  as  tlie  Nat  ional  Science  Founda- 
tion.  or  other  parts  of  the  Ifepartment.  of 
Defense,  nor  upon  nongovernmental  agencies, 
to  provide  for  its  ent  ire  needs  and  interests  in 
science.  Neither  can  it  rely  entirely  on  research 


13 


which  grows  out  of  its  programs  of  applied 
research  and  development.’ 

In  late  1959  and  early  2900,  ARDC  underwent 
an  extensive  reorganisation.  This  reorganization 
was  designed  to  increased  he  effectiveness  of  A  RDC 
operations  by  delegating  certain  management 
functions  from  Headquarters  ARDC  to  a  group 
of  functionally  organized  divisions.  (The  ARDC 
centers  which,  for  the  most  part,  were  now  ab¬ 
sorbed  by  or  subordinated  to  the  divisions,  had 
been  organized  essentially  along  geogrophic  rather 
than  functional  lines,  although  AFOSR  had  been 
an  example  of  a  strictly  functional  organization 
even  under  the  old  system.)  One  new  division  that 
emerged  was  the  Air  Force  research  division, 
which  included  AFOSR,  the  European  office 
(ARDC),  the  aeronautical  research  laboratory, 
and  the  Air  Force  Cambridge  research  labora¬ 
tories — the  four  organizations  in  ARDC  engaged 
in  basic  research.  Basic  research  in  the  Air  Force 
was  thus  now  concentrated  in  one  ARDC  division. 

The  Air  Force’s  research  and  development 
activities  underwent  another  broad  reorganization 
in  April  1961,  The  outstanding  feature  of  this  re¬ 
organization  was  the  combination  of  ARDC 
(minus  AFRD)  with  those  elements  of  the  Air 
Materiel  Command  engaged  in  systems  acquisition 
and  related  procurement  functions  to  form  the  new 
Air  Force  Systems  Command  (AFSC).  Had 
AFRD  been  allowed  to  remain  with  AFSC,  its 
research  functions  would  undoubtedly  hare  been 
overshadowed  hy  work  on  weapon  systems.  The 
Air  Force  decided,  therefore,  that  it  would  be 
healthier  for  basic  research  to  linve  its  own  organ  i- 


*Cowlttcv  on  Own!  Mncn,  MA9-AKDC  frtudjr  Group.  "A 
******  fey  tfe*  Coa»lttw  «n  CfDrril  Sctenmi  F*Ut)nc  to  Loof- 
*****  Brfwtillc  tod  Ttcfcfttril  Trt*4a  of  to  the  United 

8t*t«*  Air  fferrt*'  (known  m  tfe*  “Wood*  H«fe  1958. 


zation  apart  from  systems  development.  Thus 
AFRD,  (still  including  AFOSR),  was  detached 
from  ARDC,  renamed  the  Office  of  Aerospace  Re¬ 
search,  and  established  as  a  separate  operating 
agency  with  the  procedural  functions  and  responsi¬ 
bilities  of  a  major  air  command.  AFOSR  was  now 
an  integral  part  of  an  organization  devoted  ex¬ 
clusively  to  research. 

Following  its  reorganization  under  OAR, 
AFOSR  began  a  period  of  internal  realinements 
that  created  the  present  scientific  directorate  ar¬ 
rangement.  Policies  adopted  during  his  period  in¬ 
cluded  long-term  funding  of  grants  and  contracts, 
which  tended  to  provide  more  stable  support  for 
investigators,  and  the  AFOSR  postdoctoral  re¬ 
search  program. 

Later  policy  changes  placed  increasing  emphasis 
on  relating  AFOSR  research  to  Air  Force  techno¬ 
logical  problems,  and  on  making  this  research 
more  readily  available  to  applied  research  and 
development  scientists  in  Air  Force  laboratories. 
Systemat  ie  coupling  was  effected  to  provide  a  two- 
wuv  interchange  of  information  between  the 
worldwide  scientific  community  and  Air  Force 
laboratory  and  field  development  units.  AFOSR 
project  scientists  functioned  directly  in  bringing 
outside  scientific  competence  to  bear  upon  special 
and  often  urgent  operating  problems,  and  also  in 
helping  to  uncover  those  problems  susceptible  to 
solution  by  the  application  of  scientific  research  or 
research  methods. 

OAR’s  overall  accomplishments  were  officially 
recognized  in  1966  with  the  presentation  of  the 
Air  Force  Outstanding  Knit  Award,  in  which 
AFOSR  shared  as  n  comjx«»ciit.  The  award  was 
made  for  the  fieriod  of  1  April  1961  to  31  March 
1966. 


AFOSR  Chronology 


February  1948 _ Applied  Research  Section  (later  Research  Section),  Engineering 

Division,  Air  Materiel  Command  established. 

February  1949 _ Office  of  Air  Research,  Director  of  Research  and  Development,  AMC 

established. 

January  1960 _ Air  Research  and  Development  Command  established. 

October  1961 _ . _ Office  of  Scientific  Research,  Hq.  ARDC, established  with  Col.  Oliver 

G.  Haywood  as  chief. 

September  1963 _ Col.  William  O.  Davis  named  chief  of  OSR. 

February  1964 _ Hq.  ARDC  reorganized.  OSR  put  under  Directorate  of  Research, 

commanded  by  Col.  Don  D.  Flick  eager. 

August  1966 _ „ _ Air  Force  Office  of  Scientific  Research  established  as  a  separate  cen¬ 

ter  of  ARDC  with  Brig.  Gen.  Don  Flickenger  as  commander. 

January  1966 _ Col.  Adolf  P.  Gaggr  assumed  command  of  AFOSR. 

March  1966 _  Brig.  Gen.  Hollingsworth  F.  Gregory  designated  commander  of 

AFOSR. 

July  1966.. _ _ AFOSR  moved  to  Washington,  D.C.,  from  Baltimore,  Md. 

September  1966 _ Congress  passed  Public  Law  84-934,  permitting  all  Federal  agencies 

engaged  in  basic  research  to  support  their  programs  through  a  sys¬ 
tem  of  grants  to  universities  and  nonprofit  institutions. 

November  1968 - Brig.  Gen.  Benjamin  G.  Holzman  assumed  command  of  AFOSR. 

January  1960 _ _ _ Air  Force  Research  Division,  ARDC,  established. 

January  1960 - Col.  Adolf  P.  Gagge  named  commander  of  AFOSR. 

October  1960 _ Dr.  Knox  T.  Millsaps  became  executive  director  of  AFOSR. 

April  1961 _ ...  Office  of  Aerospace  Research  established  with  AFOSR  as  a  com¬ 

ponent. 

September  1963 _  I)r.  William  J.  Price  named  executive  director  of  AFOSR. 
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AFOSR  Research  Program 


Preceding  Pag®  Blank 


AFOSR  Restarch  Program 

The  AFOSR  research  propram  includes  about 
l,(XKi  separate  research  efforts  being  performed  at 
any  one  time  at  university,  industrial,  not  for 
profit,  and  other  research  organizations.  This  sec¬ 
tion  of  AFOSR  Research  contains : 

1.  The  AFOSR  scientific  area  code,  a  list  of 
those  areas  of  science  in  which  AFOSR  supports 
research. 

2.  An  explanation  of  the  research  program  dnta 
elements  found  in  the  separate  listings  of  scientific 
efforts. 

3.  A  description  of  the  scientific  program  of 
each  AFOSR  scientific  directorate,  outlining  its 
scope  and  research  objectives. 

4.  A  list  of  all  AFOSR  research  work  efforts 
current  as  of  the  beginning  of  calendar  year  1967, 
broken  down  by  scientific  area  code,  and  arranged 
alphabetically  within  scientific  areas  by  principal 
investigator’s  last  name. 

AFOSR  Scientific  Area  Code 

1.0.0  Mathematics 

1.1.0  Algebra  and  Foundations,  Analysis 

1.1.1  Algebras 

1.1.3  Mathematical  Analysis 
1.2.0  Applied  Mathematics 

1.4.0  Statistics  and  Probability 
1.5.0  Theory  of  Numbers 
2.0.0  Physics 

2.1.0  Elementary  Particle  Physics 
2.2.0  Nuclear  Structure  Physics 
2.3.0  Atomic  and  Molecular  Physics 
2.4.0  Low  Temperature  Physics 
2.5.0  Solid  State  Physics 

2.5.1  Theory  of  Solids 

2.5.2  Growth,  Preparation  and  Synthesis  of 

Solids 

2.5.3  Structural  Characterization  of  Solids 

2.5.4  Mechanical  and  Thermal  Properties 

of  Solids 

2.5.5  Electronic,  Magnetic,  Optical  and 

Electrical  Properties  of  Solids 

2.5.6  Interaction  Effects  in  Solids 
2.6.0  Field  Physics 

2.6.1  Electromagnetics  and  Electron 

Physics 

2.C.3  Optical  Physics 

2.6.4  Acoustics 


2.7.0  Fluid  Physics 

2.7.1  Plasma  Physics 

2.7.2  Magneto  Fluid  Dynamics 

2.7.3  Structure  of  Gases  and  Liquids 
2.8.0  Theoretical  Physics 

2.8.1  Quantum  Mechanics 

2.8.2  Relativity  and  Gravitation 
2.9.0  Cosmic  Ray  Physics 

3.0.0  Chemistry 

3.1.0  Analytical  Chemistry  and  New  Techniques 

3.1.1  Chemistry:  Diffraction  and  Optical 

Methods 

3.1.3  Radiochemical  and  Nuclear  Methods 

3.1.4  Electrochemical  Methods 

3.1.5  New  Instrumental  Techniques 
3.2.0  Inorganic  Chemistry 

3.2.1  Theoretical  Inorganic  Chemistry 

3.2.2  Synthetic  and  Descriptive  Inorganic 
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Mathematical  Sciences 

Dr.  Merle  M.  Andrew,  Director 

The  AFOSR  research  program  in  the  mathe¬ 
matical  sciences  is  designed  to  create  a  fundamen¬ 
tal  body  of  mathematical  techniques  for  broad 
scientific  and  technological  application.  The  pro¬ 
gram  also  is  designed  to  systematically  exploit  the. 
newer  advances  in  mathematical  sciences  and  in 
specifically  Air  Force  oriented  problem  areas. 

The  program  is  managed  by  two  divisions,  ap¬ 
plied  mathematics  and  mathematics.  The  major 
program  objectives  of  the  directorate  are  divided 
between  them.  Their  functions  are  often  compli¬ 
mentary.  For  example,  basic  advances  in  mathe¬ 
matics  are  subsequently  further  developed  with 
explicit  concern  for  their  possible  Air  Force- 
oriented  applications.  On  the  other  hand,  Air 
Force  interest  in  some  contemporary  applications 
of  mathematics  results  in  specific  emphasis  in  the 
direction  taken  by  the  fundamental  portions  of 
the  directorate  program. 

The  program  supports  the  research  investiga¬ 
tions  of  some  800  mathematicians,  applied  mathe¬ 
maticians  and  other  mathematically  oriented 
scientists  by  selection,  together  with  some  225  re¬ 
search  assistants  under  a  program  of  approxi¬ 
mately  165  grants  and  contracts.  Contracts  and 
grants  under  the  directorate  program  may  have 
one  or  more  senior  investigators.  When  a  grant 
or  contract  has  several  senior  investigators  they 
usually  work  independently  in  the  associated  scien¬ 
tific  area. 

The  staff  of  the  directorate  consists  of  seven 
technically  trained  people,  the  majority  of  whom 
are  Air  Force  officers  with  prior  experience  in 
both  the  systems  and  operating  commands  of  the 
Air  Force. 

To  assist  the  directorate  in  its  operation,  two 
independent  evaluation  groups  have  been  estab¬ 
lished.  One  group  of  some  of  the  Nation’s  meet 
outstanding  mathematicians  and  scientists  meets 
to  discuss  the  overall  scientific  and  fiscal  aspects 
of  the  program.  The  second  group  includes  some 
of  the  most  mathematically  knowledgeable  civil¬ 
ian  and  military  personnel  in  the  Air  Force.  The 


primary  concern  of  this  group  is  the  relevance  of 
the  research  and  results  to  the  Air  Force  and  the 
interrelationships  that  exist  between  science  and 
technology  as  applied  to  Air  Force  problems. 

One  of  the  primary  products  is  research  publi¬ 
cations.  Our  current  productivity  rate  is  approxi¬ 
mately  one  research  publication  per  year  per  math¬ 
ematician  supported.  That  is,  approximately  300 
journal  articles  per  year.  On  this  basis,  the  unit 
cost  per  publication  is  roughly  $12,000. 

The  research  program  of  the  applied  mathe¬ 
matics  division  is  somewhat  larger  dollarwise  than 
that  of  the  mathematics  division,  a  reflection  of 
the  importance  attached  to  Air  Force  interests. 
The  program  of  the  applied  mathematics  division 
covers  a  broad  spectrum  of  interests  and  applica¬ 
tions  of  mathematics,  in  almost  all  areas  of  direct 
Air  Force  interest.  It  covers  the  contemporary 
problems  of  “classical”  applied  mathematics  as 
well  as  the  strictly  contemporary  developments 
in  applied  mathematics. 

Approximately  30  percent  of  the  applied  mathe¬ 
matics  budget  supports  research  in  contemporary 
areas  of  “classical”  applied  mathematics.  These 
include  mathematical  techniques  in  the  areas  of 
fluid  mechanics,  magnetohydrodynamics,  kinetic 
theory,  relativity  theory,  elasticity  theory,  and 
plasticity  theory.  The  range  of  Air  Force-oriented 
problems  to  which  such  results  apply  include  for 
example,  those  relating  to  the  “sloshing  effect” 
of  the  fuel  in  the  tank  of  a  rocket,  the  character¬ 
ization  of  the  behavior  of  structures  under  the 
various  forces  to  which  they  are  subjected,  the 
characterization  of  boundary  layer  flow  and  of 
baryclinic  (weather)  flow,  and  the  effects  of  aero¬ 
dynamic  heating  on  the  surface  of  aerospace 
vehicles. 

An  additional  20  percent  of  the  applied  budget 
supports  a  subs  antial  program  in  control  theory 
designed  to  create  mathematical  models  to  simu¬ 
late  and  in  turn  to  control  a  physical  process. 
Considerations  include  the  development  of  mathe¬ 
matical  techniques  for  the  proper  identification 
of  a  plant  or  process,  and  its  solution.  That  solu¬ 
tion  involves  the  detcnr<ination  of  functions  which 
represent  the  optimal  control  for  the  process,  with 
respect  to  criteria  such  as  the  time,  energy,  or  total 
cost  involved.  In  cases  where  such  optimal  control 
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is  physically  unrealizable,  the  proper  solutions  of 
such  problems  involves  the  synthesis  of  suboptim&l 
control  solutions.  These  investigations  employ  the 
advanced  techniques  of  modern  mathematics,  eg., 
of  mathematical  analysis,  functional  analysis,  and 
the  calculus  of  variations.  This  program  in  control 
theory  is  the  Nation’s  largest  and  most  important 
such  program. 

A  third  portion  of  the  research  program  of  the 
division  concerns  the  mathematical  aspects  of  sys- 
tem  theory,  including  circuit,  communication,  in¬ 
formation,  and  automata  theory.  It  receives  ap¬ 
proximately  20  percent  of  the  division’s  budget. 
A  substantial  portion  of  the  research  funded  in 
this  area  involves  the  more  abstract  developments 
in  modem  mathematics,  e.g.,  in  algebra,  topology, 
analysis,  probability  tLeory  and  statistics,  pre¬ 
cisely  as  they  apply  and  can  be  extended  to  the 
above-stated  areas.  Part  i  -ular  concerns  of  this  pro¬ 
gram  include  automatic  (computer)  analysis  and 
synthesis  of  networks,  signal  design  and  process¬ 
ing,  coding,  and  stability  theory. 

An  additional  15  percent  of  the  budge*  supports 
a  wide-ranging  program  in  computational  analy¬ 
sis,  an  area  of  applied  mathematics  of  increasing 
importance  since  the  development  of  the  general 
purpose,  programed,  high-speed  digital  compu¬ 
ter.  The  program  emphasizes  the  development  of 
techniques  to  provide  usable,  i.e.,  numerical  solu¬ 
tions  to  problems  arising  in  the  other  sciences  and 
in  engineering.  Important  subdi  visions  of  the  pro¬ 
gram  include  the  areas  of  numerical  analysis,  ap¬ 
proximation  and  interpolation  theory,  and  mathe¬ 
matical  programing.  An  important  consideration 
is  the  development  of  techniques  for  the  automatic 
formulation  of  optimal  procedures,  for  the  com¬ 
puter  solution  of  problems.  The  nature  of  error 
propagation  in  long  period  numerical  integration 
is  another  important  aspect  of  this  program. 

A  portion  of  applied  mathematic’s  program 
concentrates  on  research  in  celestial  mechanics 
and  orbital  dynamics.  An  important  emphasis 
here  is  the  development  of  complete,  general 
mathematical  theories  to  govern  the  motions  of 
celestial  bodies,  both  m  ur»l  and  artificial.  Spe¬ 
cific  research  directions  include  <_  concern  with 
the  problems  of  satellite  and  eislunar  trajectories, 
the  problems  of  reentry,  rendezvous,  and  of  space 
rescue. 

Also  supported  are  a  select  number  of  research 
seminars  and  symi>osia,  designed  to  provide  a 
forum  for  the  exchange  of  the  latest  research  re¬ 


sults  and  ideas  among  scientists,  and  to  help  bridge 
the  gap  between  contemporary  mathematical  the¬ 
ories  and  their  contemporary  application. 

The  research  program  of  the  mathematics  divi¬ 
sion  emphasizes  the  physically  oriented  areas  of 
mathematical  analysis  and  functional  analysis, 
probability  theory  and  statistics.  Approximately 
60  percent  of  its  budget  supports  research  in  anal¬ 
ysis  and  functional  analysis,  the  mainstream  of 
hard-core  mathematics  since  the  rise  of  modern 
science.  A  principal  objective  of  this  support  Is 
the  qualitative  theory  and  solution  of  ordinary 
and  partial  differential  equations.  Contemporary 
research  in  these  directions  includes  the  theory  of 
generalized  functions,  different  approaches  to  the 
theory  of  differential  operators,  problems  in  func¬ 
tion  spaces,  specific  techniques  for  strictly  non¬ 
linear  phenomena,  continuing  concern  for  the 
local  and  global  behavior  of  solutions,  and  the 
many  related  techniques  borrowed  from  the  cal¬ 
culus  of  variations,  the  theory  of  integral  equa 
tions,  many  phases  of  topology,  and  the  improved 
“abstract  generalizations”  of  functional  analysis. 
Many  results  are  phrased  in  the  appropriate  con¬ 
ventional  terms  of  establishing  a  proper  mathe¬ 
matical  model,  i.e.,  a  well-posed  differential 
equation,  to  characterize  physical  phenomena,  and 
corresponding,  the  existence,  uniqueness,  and  sta¬ 
bility  of  the  resulting  characteristic  solution.  Such 
determinations  are  essential  to  the  subsequent  suc¬ 
cessful  numerical  computation  of  the  solution. 
Other  significant  modern  directions  in  analysis 
are  also  part  of  this  program,  and  include  the 
theory  of  quasi-conformal  mappings,  Fourier 
analysis,  harmonic  analysis,  and  potential  theory. 
An  outstanding  feature  of  the  program  is  its  es¬ 
tablishment.  of  major  coordinated  group  efforts  at 
many  of  the  Nation’s  leading  research  centers.  In 
particular,  the  program  in  the  qualitative  theory 
of  nonlinear  partial  differential  equations  is  a 
dominant  and  striking  part  of  the  contemporary 
mathematical  scene. 

An  additional  30  percent  of  the  mathematics 
division’s  budget  supports  fundamental  research 
in  probability  theory  and  statistics.  The  program 
in  probability  theory  is  noteworthy  for  its  em¬ 
phasis  on  the  contemporary  “analytic”  aspects  of 
probability  theory  and  their  application,  and  the 
proper  qualitative  characterization  of  general 
stochastic  processes.  Results  help  provide  general 
probabilistic  frameworks  for  the  characterization 
of  many  physical  phenomena  and  on  occasion  the 
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analytic  characterization  of  important  applied 
problem  areas,  eg.,  problems  of  mathematical 
physics  and  problems  in  coding  theory. 

The  program  in  statistics  employs  contempo¬ 
rary  mathematical  bases,  e.g.,  of  finite  fields,  pro¬ 
jective  planes,  for  the  realistic  design  and  analysis 
of  statistical  experiments.  It  is  also  noteworthy 
in  its  emphasis  on  the  modem  concern  for  more 
realistic  statistical  techniques,  i.e.,  leading  to 
meaningful  statistical  decisions,  outside  the  con¬ 
text  of  the  older  “testing  of  hypotheses”  approach. 
The  results  are,  e.g.,  phrased  in  terms  of  non- 
parametric  methods,  decision  theory,  and  life 
testing. 

A  portion  of  the  mathematics  division’s  budget 
supports  a  number  of  special  division  programs. 
One  of  these  is  an  unique  research  monograph 
program,  to  encourage  the  synthesis  of  modern 
research  results  in  a  form  amenable  to  the  user 
of  mathematics,  i.e.,  to  encourage  the  writing  of 
research  monographs  to  bridge  the  gap  between 
the  professional  journal  article  in  mathematics 
and  an  understandable  and  useable  form  of  the 
results.  Another  is  a  program  for  the  support 
of  intensified,  i.e.,  longer  term  full-time  research 


by  individual  mathematicians,  sometimes  as  part 
of  an  intensified  research  year  at  a  leading  re¬ 
search  center,  to  concentrate  on  a  particular  area 
of  mathematics.  The  last  of  the  special  programs 
provides  for  the  generous  encouragement  and  sup¬ 
port  of  research  symposia  and  conferences.  The 
division  makes  special  efforts  to  include  such  sup¬ 
port  for  conferences  in  the  more  abstract  areas  of 
mathematics,  eg.,  topology,  algebra,  and  geom¬ 
etry,  which  are  not  part  of  the  division’s 
continuing  res.  ^ich  program,  but  nevertheless  im¬ 
portant,  in  that  some  developments  in  these  areas 
may  aid  specific  Air  Force  problem  areas  or  the 
application  of  mathematics  to  such  areas.  The 
division  supports  an  annual  program  of  full-time 
research  visitors  to  the  Institute  for  Advanced 
Study,  Princeton,  N.J.  It  also  supports  the  dis¬ 
tinguished  instructorship  program  at  the  Massa¬ 
chusetts  Institute  of  Technology,  and  will  support 
the  newly  established  comparable  program  at  Yale 
University.  Both  programs  attract  the  most  prom¬ 
ising  of  the  Nation’s  younger  mathematicians,  and 
serve  to  keep  the  division  abreast,  not  only  of 
emerging  areas  of  mathematics  but  of  emerging 
younger  mathematicians. 
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MATHEMATICAL  SCIENCES 
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1.1.3  MATHEMATICAL  ANALYSIS 


1.1.0  APPLIED  MATHEMATICS 


YOUNG  C  S 

TLA  ANC  ONI  VIA  SI  IV 

OUfS  I -CONFORMAL  MAPPINGS  AMO  THE  I A  MOCUU 

PQMAER  I  C  SWA 


1.2.0  APPLIED  MATHEMATICS 


AM  AM  SON  N 
LMlViRSITV  OF  HAMAII 

Did  TAL  PROCESSING  OP  STOCHASTIC  SIGNALS 

•MAS  I  I  SAHA 

■ALAKA I SHNAM  A  V 
UNIVtRSITV  OA  CAL  I A  OMNI  A 
COMMON  1C A  I ION  SYSTEMS  ThEOMV 

OAYTOM  A  SAHA 

tUTMAMt  E  J 

SIATI  UNIVERSITY  09  MEM  YORK 

A A  SSI  VC  SYSTEMS.  DISSIPATIVE  OAEMATCMS .  AMO  THE  THEORY  OA 
0  I  SIRIBUT IONS 

ACMES  J  SRMA 

IHUH  A  R 

UNIVERSITY  OA  CALIFORNIA 
A A OCA AM  OA  SVSTCMS  RESEARCH 

OAYTOM  A  SANA 

•  EMCMAM  S 

STAMAORO  UNIVERSITY 

RESEARCH  Of  I *0-01  ME  NS  I OMAl  IRANSSOMIC  ALUM  RATI (RMS  OA 
COMPRESSIBLE  FLUIDS 

AC  I  NS  •  S  SRMA 

•RAUCH  A  T 

MARI  FOREST  CCLLCCC 

BOUNDS  FOR  CHARACTERISTIC  ROOTS  OA  MATRICES 

JONES  J  SANA 

•UCY  R  S 

UNl VIASI TV  OA  CRLIAOMNIR 

MODERN  HATHCNATICAL  CONTROL  THEORY 

OAYTOM  A  0  SRMA 

CAL AMAH  D  A 

UNIVERSITY  OA  MICHIGAN 

STUDIES  IN  THE  GENERATION  0#  EQUIVALENT  NETWORKS 

AG I  NS  •  R  SRMA 

CELL  J  M 

NORTH  CAROLINA  STATE  COLLEGE 

CONTINUATION  OA  THE  AAALlEO  MATHEMATICS  RCSIARCH  AROJECT 

JCMtS  J  SRMA 

STdE  UNIVERSITY  OA  MEM  YORK 
CONTROL  SYSTEMS  RESEARCH 

OAVTGN  A  SRMA 

CHENEY  E  W 
UNIVERSITY  OA  TCRAS 

•ASIC  RESEARCH  IN  RAAR0R1 RATI  ON  THCCRV 

JCNE  S  J  SANA 

ClIMCNCE  G  N 
VALE  UNIVERSITY 

OPERATION  OA  A  RESEARCH  CENTER  FOR  CELESTIAL 
MECHANICS 

AGINS  •  R  SRMA 

CLEMENT  P  R 

STEVENS  INSTITUTE  OA  TECHNOLOGY 

SIGNAL  ANALYSIS  MCTHOOS  FOR  AOARTIVE  CONTROL  SYSTEMS 

OAVtON  A  SANA 

COLEMAN  •  D 
MELLON  INSTITUTE 

AlOh  PROPER  TIES  OA  NON-NC WICNl AN  FLUIDS 

JONES  J  SANA 

COMTOPOULOS  C 

UNI  VCR  SI  IV  OA  TMCSSALONIRI 

RESEARCH  IN  THE  RESTRICTED  J-ROOY  PROBLEM 

AGINS  •  R  SRMA 

CURTISS  J  H 
UNIVERSITY  OA  MIAMI 

RESEARCH  CM  INTf RPOLRT I  ON  WITH  AOLVNOMIALS  TO  »OUNOARY  VALUES 

JCNES  J  SANA 

OH/  J  • 

UNIVERSITY  OA  NARVLANO 

MATHEMATICAL  RESEARCH  IN  ELUID  OVNANlLS  ANO  APPLIED  MATHEMATICS 
JONES  J  SRMA 

©HI  J  R 

UNIVERSITY  OP  CALIFORNIA 

MATHEMATICAL  RESEARCH  IN  APPLtCO  MATHEMATICS 

JONES  J  SANA 


OR » NICK  R 

POLYTECHNIC  INSTITUTE  OP  •RGOKLVN 

l*6f  INTERNATIONAL  SYMPOSIUM  UN  I N#  CARAT  ION  THEORY 

AGINS  A  R  SRMA 


EOELAAUM  T 

ANALYTICAL  MECHANICS  ASSOCIATES  INC 
MONOGRAPH  ON  OPTIMUM  SPACE  TRAJECTORIES 

DAYTON  A  SHU 

CHRENPELD  S 

NEW  YORK  UNIVERSITY 

RANDOM  HAT  ION  ANO  FACTOR  Hi  EIPERINENTS 

AGINS  •  R  SANA 

CTRIN  •  T 

UNIVERSITY  OP  TORONTO 

THEORETICAL  INVESTIGATIONS  OP  THE  0 THAN ICS  CP  VEHICLES 

OAVTON  A  SRMA 

FLEISHMAN  B  A 

ACNSSCLAEA  POLYTECHNIC  INSTITUTE 

STUDIES  IN  CONTROL  THEORY  AMO  NOMLIMEAR  MECHANICS 

OAYTOM  A  SANA 

PLUGGE-LOT!  I 
STANFORD  UNIVERSITY 

CONFUTATION  OF  LAMINAR  COMPRESS  I  ALE  BOOMOAAV  LAYER 

OAVTON  A  SANA 

FLUGGE-LOTI  I 
STANFORD  UNIVERSITY 

DETERMINATION  OP  OPTIMAL  CONTROLS  FUR  SYSTEMS  NllH  DELAYS 

OAVTON  A  SANA 

GERGIN  J  J 
OURE  UNIVERSITY 

CONTINUATION  OF  RESEARCH  IN  PARTIAL  DIFFERENTIAL  EQUATIONS 

JONf  S  J  SRMA 

GERST  I 

SIATI  UNIVERSITY  OF  NEW  YORK 

APPLICATIONS  OA  CLASS  K  FUNCTIONS  TO  PASSIVE  ANO  ACTIVE  METwOMM 
SYNTHESIS 

AGINS  •  R  SRMA 

GILBERT  E  G 

UNIVERSITY  OP  MICHIGAN 
COMPUTATION  OF  OPTIMAL  CONTROLS 

OAVTON  A  SRJU 

GILBERT  R  P 

INDIANA  UN  I V  RISfAMCM  FOUNDATION 
RESEARCH  IN  APPLIEO  MATHEMATICS 

JONES  J  SRMA 

GILL  A 

UNIVERSITY  OF  CALIFORNIA 
SNITCHING  ANO  AUTOMATA  THEORY 

AGINS  •  R  SRMA 

GILL  IS  J 

MEt/NANN  INSTITUTE  OF  SCIENCE 

NUMERICAL  INTEGRATION  OF  THE  EQUATIONS  OP  NOTION  CP  A  VISCOUS 
FLUIDS 

JONES  J  SOAR 

GOLDSTEIN  A  A 
UNIVERSITY  OF  WASHINGTON 
RESEARCH  IN  NUNERICAL  ANALYSIS 

JONf  S  J  SANA 

COLONS  $  N 

UNIVERSITY  OF  SOUTHERN  CALIFORNIA 
AUTOMATA  ANO  COMMUNICATIONS 

DAYTON  A  SRMA 

OR  AO  H  /  BERRONITI  J 
NEW  YORK  UNIVERSITY 

RCSIARCH  IN  KINETIC  THEORY  OF  GAGES  AND  MAGNETO- FLU ID  DYNAMICS 

AGINS  •  R  SARA 

GREENSPAN  M  P 

MASSACHUSETTS  INSTITUTE  OP  TECHNOLOGY 
RESEARCH  IN  PlUtO  DYNAMICS 

AGINS  •  R  SRMA 

MAR  IN |  S  l 

NORTHWESTERN  UNIVERSITY 

APPLICATION  OA  GRAPH  THEORY  TO  NETWUUS 

AGINS  B  R  SRMA 

UNIVERSITY  OF  CALIFORNIA 

EXISTENCE  THEOREMS  FOR  NONLINEAR  CPU  MAC  CONTROL  THEOREMS 

OAVTON  A  SRMA 

MANOCINAN  G  H  /  BUVCf  W  E 
RENSSELAER  POLYTECHNIC  INSTITUTE 
OYNAMICS  EFFECTS  ON  ELASTIC  SYSTEMS 

JCMS  J  SRMA 

UdVERSIlV  OF  MICHIGAN 
APPLICATIONS  OP  GRAPH  THEORY 

AGINS  •  •  SRMA 

HEINS  A  I 

UNIVERSITY  OF  MICHIGAN 

SINGULAR  INICGRAL  EQUATIONS  MlfM  SPECIAL  REFERENCE  TQ  BOUNDARY 
VALUE  PROBLEMS 

JONES  J  SRMA 


26 


MATHEMATICAL  SCIENCES 
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Physical  Sciences 

Da.  Lloyd  A.  Wood,  lH.rtf.tor 


The  physical  sciences  program  is  divided  into 
four  general  subject  arms,  being  in  order  of 
magnitude  solid  state,  general  physics,  .nuclear 
physics,  and  geophysics.  In  each  of  these  general 
ureas,  research  fields  are  selected  of  special  im¬ 
portance  to  the  future  Air  Force  technology,  based 
on  studies  made  by  the  physical  sciences  staff  and 
advice  from  a  wide  variety  of  Air  Force  and  in¬ 
dustrial  engineers  and  scientists. 

•  The  staff  comprises  si*  Air  Force  officers  and 
eight  civilians  of  diverse  experience  in  research 
and  development,  both  in  research  performance 
and  in  research  administration.  Each  is  responsible 
for  selection  of  individual  investigations  to  be 
funded  for  support,  and  provides  supervision  and 
monitoring  of  the  progress  and  quality  of  the  re¬ 
search  being  supported.  The  total  program  com¬ 
prises  about  .130  projects  having  an  annual  obliga¬ 
tions!  rate  of  about  $20  million,  including  investi¬ 
gations  managed  as  agent  for  the  Advanced  Re¬ 
search  Projects  Agency. 

Most  research  investigations  require  several 
years  to  carry  through  to  completion,  and  in  the 
physical  sciences  program  there  are  several  large 
continuing  group  investigations,  such  as  the  -Va- 
tional  Magnet  Laboratory',  which  have  been 
created  with  the  idea  of  stimulating  research  in  a 
given  field  helieved  to  be  of  special  Air  Force  in¬ 
terest.  In  consequence,  only  a  small  fraction  of  the 
total  program  each  year  can  be  completely  new 
starts.  As  a  result  the  staff  gives  continuous  care¬ 
ful  scrutiny  to  the  productivity  of  the  sponsored 
invest  igat  ions,  as  well  as  to  the  timeliness  and  prob¬ 
able  value  of  the  results  to  the  Air  Force.  By 
terminating  support  of  selected  investigations  at 
the  earliest  profitable  time,  a  viable  program  has 
been  maintained,  with  a  reasonable  number  of  new 
investigations  being  undertaken. 

$*Wd  State  Science* 

The  research  program  managed  by  the  solid 
state  sciences  division  aims  at  fundamental  in¬ 


vestigations  into  the  nature  of  solids,  and  has  con¬ 
tinued  to  be  especially  concerned  with  the  rather 
liewildering  variety  of  characteristics  and  be 
haviors  of  solids  arising  front  the  cooperative  in¬ 
teractions  of  the  atoms  in  the  crystal  lattices.  In 
single  atoms,  electrons  in  the  various  shells,  or 
energy  levels,  oocupv  discrete  energy  states,  which 
determine  their  chemical  and  physical  (non¬ 
nuclear)  characteristics.  When  atoms  are  in  large 
arrays,  as  crystals,  the  presence  of  neighboring 
atoms  causes  the  discrete  energy  levels  of  the  single 
atom  to  be  expanded  into  energy  bands,  which 
extend  throughout  the  crystal.  Thus  the  electrons 
exhibit  behavior  characteristic  of  both  the  atoms 
and  the  crystal,  and  even  more  importantly  the 
bands  are  drastically  modified  by  the  presence  of 
only  traces  of  impurities.  In  addition,  electrons 
interact  with  crystal  lattice  vibrations,  which 
further  modifies  their  behavior. 

Because  of  these  complex  interactions  crystals 
exhibit  their  astonishing  range  of  properties, 
such  as  superconductivity,  magnetism  of  several 
kinds,  solid  state  lasering.  conduction,  semironduc- 
tion,  insulation,  ferrnelrctricitv,  optical  properties 
such  as  metallic  lustre,  color,  and  transjmrency, 
and  transition  temperatures  of  various  kinds. 
Many  of  these  are  beginning  to  he  understood,  and 
as  a  result  an  increasing  number  of  practical  ap¬ 
plications  have  iieen  made.  It  is  toward  such  study 
of  the  fundamental  physics  of  crystals  that  the 
AFOSR  solid  state  program  has  I  men  mainly 
directed.  In  addition  the  problem  of  the  gross 
mechanical  characteristics  of  crystals  receives  at¬ 
tention,  although  it  has  not  yet  been  possible  to  tie 
these  to  the  more  fundamental  level  of  electrons 
and  phonons  of  the  crystal.  Such  questions  as 
precipitation  linrdening,  lattice  defects  of  various 
types  and  their  migration,  and  surface  character¬ 
istics  and  their  effects  are  the  subject  of  active 
investigations. 

T1IF  NATIONAL  MAGNET  LABORATORY 

The  largest  sponsored  project  in  the  solid  state 
research  program  is  the  National  Magnet  Labora¬ 
tory,  at  the  Massachusetts  Institute  of  Technology. 
This  laboratory  is  presently  unique  in  the  world. 
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being  dedicated  to  the  performance  of  research  in 
high  magnetic  fields.  Large  spatial  volumes  are 
available  for  experiments  at  continuous  field 
strengths  up  to  200,000  gauss,  and  in  more  limited 
volumes  up  to  250,000  gauss.  Effort  is  constant  to 
raise  these  limits  to  higher  levels  by  research  on 
magnet  design-  Because  understanding  the  be¬ 
havior  of  electrons  in  crystals  is  the  key  to  most  o 
the  properties  of  the  crystals,  this  laboratory  is 
enormously  valuable  for  solid  state  research,  and 
investigators  are  coining  to  it  in  steadily  increas¬ 
ing  numbers  to  make  their  experiments. 

The  reason  for  'he  value  of  high  magnetic  fields 
in  solid  state  research  lies  in  the  fact  that  electrons 
interact  with  the  magnetic  field  in  their  movements 
through  the  crystal  lattice  and  in  their  transitions 
among  the  electronic  energy  levels  and  bands  of 
crystals.  Varying  the  field  results  in  changes  in 
electrical,  magnetic,  and  optical  properties  of 
crystals  which  when  studied  permit  deduction  of 
various  fundamental  characteristics  of  the  crystals, 
and  testing  and  improvements  of  theories  on  the 
physical  laws  governing  these  and  other  prop¬ 
erties. 

An  astonishing  discovery  recently  made  may  be 
cited  which  provides  an  example  of  the  usefulness 
of  the  magnetic  field  in  solid  state  research.  Indium 
antimonide  is  a  semiconducting  crystal  in  which 
absorption  of  light  causes  electrons  in  the  lowest 
energy  level,  or  ground  state,  of  the  crystal  to 
be  excited  into  its  conduction  band.  This  is  known 
as  photoconduction.  If  the  crystal  is  placed  in  a 
magnetic  field,  the  conducting  band  splits  into  dis¬ 
crete  levels,  which  arc  at  various  energy  levels 
above  the  ground  state.  To  excite  an  electron  from 
the  ground  state  into  one  of  these  levels,  it  is  neces¬ 
sary  to  provide  exactly  the  amount  of  energy  to 
match  the  difference  between  the  given  level  and 
the  ground  level.  This  takes  place  when  a  photon 
of  light  of  the  proper  wavelength  is  absorbed.  It 
has  been  recently  found  at  the  Magnet  Laboratory 
that  a  laser  beam  of  photons  which  have  too  low 
energy  to  excite  the  electrons  of  the  cjystal  in  this 
manner,  nevertheless  does  excite  them,  but  to  levels 
at  energies  corresponding  to  twice  the  photon 
energy.  It  thus  appears  that  two  photons  are  being 
simultaneously  absorbed,  a  phenomenon  never 
previously  observed  or  even  considered  as  a  pos¬ 
sibility.  Excitations  corresponding  to  three  photon 
energies  have  also  been  observed. 
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A  second  major  unsolved  problem  in  solid  state 
physics  is  the  phenomenon  of  superconductivity. 
Both  magnetism  and  superconductivity  are  almost 
surely  quantum  mechanical  phenomena  on  a 
macroscopic  scale  (  macroscopic  here  means  involv¬ 
ing  a  large  number  of  crystal  atoms  acting  in  a 
cooperative  manner}.  It  is  a  curious  fact  of  obser¬ 
vation  that  these  two  phenomena  appear  to  be 
mutually  exclusive,  with  most  metallic  crystals,  in¬ 
cluding  compounds  ns  well  as  elements,  exhibiting 
superconductivity  at  low  enough  temperatures. 
Magnetic  properties  in  contrast  seem  to  1*  ex¬ 
hibited  by  a  much  more  select  group  of  metallic 
crystals.  The  highest  temperature  at  which  super¬ 
conductivity  has  so  far  been  observed  is  1(1°  K., 
with  several  examples  at  or  very  near  this  tempera¬ 
ture  being  known.  It  seems  possible  that  this  might 
he  a  fundamental  upper  limit  for  superconduction, 
although  there  is  no  known  reason  for  this  to  he 
so.  The  lowest  possible  temperature  for  a  transi¬ 
tion  to  f lie  superconducting  state  is  not  known,  be¬ 
cause  of  the  difficulty  of  performing  experiments 
below  0.010°  K..  but  the  number  of  materials  dis¬ 
covered  which  liecome  superconducting  near  this 
teni|>eratnre  is  very  large. 

Not  only  is  superconductivity  of  great  scientific 
interest  in  investigating  the  behavior  of  electrons 
in  metals,  but  it  is  of  considerable  practical 
interest  because  high  magnetic  fields  can  be 
maintained  at  no  energy  cost  by  superconducting 
solenoids.  Indeed  commercial  100  kilogauss  su- 
pemmducting  magnets  are  on  the  market  at  pres¬ 
ent  for  scientific  use.  Applications  of  such  magnets 
for  shielding  against  energetic  particles  in  space 
and  for  obtaining  magnetohydrodynamic  power 
la*h  from  combustion  and  from  nuclear  fusion  are 
under  active  industrial  development  at  present. 

It  is  a  curious  fact  that  the  application  of  a 
magnetic  field  lowers  the  superconducting  transi¬ 
tion  temperature  and  also  the  amount  of  super¬ 
conductor!  current  which  can  lie  carried,  and  it  is 
true  that  a  sufficiently  higli  field  has  been  found  to 
destroy  superconduction  in  almost  all  supercon 
ductors  to  0.010°  K.  Certain  compounds  such  as 
niobium  Li) -tin  and  vanadium(.l) -gallium,  how¬ 
ever,  at  a  low  temperat  ure  retain  the  superconduct¬ 
ing  property  even  at  the  highest  steady  field  tested 
in  the  National  Magnet  laboratory.  Recent  ex¬ 
periments  at  this  laboratory  have  shown  that 
niobium(3)-tin  retains  a  useful  current  carrying 
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rapacity  in  the  superconducting  state  in  a  field  of 
170  kilognuss.  It  may  be  possible,  by  inserting  a 
superconducting  coil  inside  one  of  the  large  copper 
coils  to  push  t  he  upper  limit  for  steady  fields  up  to 
300  or  more  kilogauss. 

Superconductors  are  being  given  serious  study 
for  electrical  application,  as,  for  example,  it  is 
believed  probable  that  with  existing  research 
knowledge,  an  underground  superconducting 
power  transmission  line  for  1,000  megawatts  would 
be  cheaper  than  present  oil-insulated  copper  lines, 
one  of  which  is  in  use  at,  present  carrying  350 
megawatts.  In  addition,  if  resonant,  cavities  or 
waveguides  of  extremely  high  Q  are  desired,  su- 
[>erconduotors  may  be  used  for  the  walls.  Model 
superconducting  cavities  have  already  been  tested 
in  an  exploratory  research  project  for  the  Stan¬ 
ford  University  Mark  III  Linear  Accelerator  (a 
laboratory  which  also  pioneered  the  very-high- 
|>ower  klystron  tube  development).  Use  of  super¬ 
conducting  resonant  cavities  will  permit  approxi¬ 
mate  doubling  of  the  energy  which  electrons  can  be 
given  in  the  accelerator  and  also  increase  the  duty- 
cycle  by  tenfold  or  greater. 

An  additional,  and  perhaps  practically  valuable 
effect  of  superconductors  is  the  so-called  Joseph- 
son.  effect,  which  is  the  ability  of  superconducting 
electrons  to  tunnel  through  nonsuperconduct ing, 
or  normal,  material.  This  has  been  exploited  to  give 
an  extremely  sensitive  magnetometer,  since  mag¬ 
netic  lines  of  force  may  pass  through  a  normal 
material  into  the  interior  of  the  superconductor, 
giving  rise  to  induced  currents  in  the  supercon¬ 
ductor.  Fluctuations  in  magnetic  fields  of  radio¬ 
frequency  may  he  sensitively  detested  by  such  a 
device. 

The  AFOSR  program  in  superconductivity  is 
not,  aimed  at  the  production  of  devices,  but  at  the 
fundamental  understanding  of  the  phenomenon, 
in*  luding  the  exploration  of  new  superconducting 
materials.  It  is  perhaps  not  an  exaggeration  to 
claim  that  more  than  alanit  half  of  all  known  su¬ 
perconductors  have  been  discovered  in  the  last  6 
years  through  AFOSR -sponsored  research  at  the 
AFOSR  Institute  for  the  Study  of  Matter  at  the 
University  of  California  (San  Diego).  Not  only 
is  experimental  work  an  important  part  of  the 
AFOSR  program  in  superconductivity,  but  there 
is  major  support  of  the  theoretical  study  of  the 
phenomenon. 


Phytl e*  of  Particl**  and  Ffofdt 

The  nuclear  physics  division  of  AFOSR  has 
continued  an  evolutionary  process  through  the  last 
severai  years  which  has  turned  the  program  from 
the  now  more  traditional  aspects  of  nuclear  physics 
into  investigations  into  the  more  fundamental 
questions  of  physics.  It  has  been  AFOSR’s  philos¬ 
ophy  that,  based  on  past  history,  the  most  revolu¬ 
tionary  impact  of  physical  research  on  Air  Force 
technology  is  likely  to  come  in  the  long  run  from 
really  new  concepts  arising  from  research  into 
the  most  fundamental  questions  of  physics.  While 
no  one  expects  to  come  up  with  a  new  idea  like 
h’=  mo-  every  few  months,  nevertheless  it  seems 
self-evident,  that  the  most  drastic  redirections  of 
the  courses  of  both  science  and  technology  result 
from  the  discoveries  on  the  most  fundamental 
levels.  Certainly  the  technology  of  the  Air  Force  is 
today  drastically  different  from  what  anyone 
might  have  imagined  20  years  ago  at  the  end  of 
World  War  II,  due  in  great  part,  to  fundamental 
physical  discoveries  which  were  made  both  before 
and  since  then. 

THEORETICAL  PHYSICS 

The  largest  program  operated  by  this  group, 
which  presently  comprises  a  civilian  chief  and  two 
highly  qualified  Air  Force  officers,  is  the  theoreti¬ 
cal  program.  The  core  of  this  program  is  a  group 
of  four  projects  which  support  the  major  part  of 
the  theoretical  physics  performed  at  Stanford, 
Princeton,  Harvard,  and  Berkeley.  Together  with 
Cal  Tech,  these  universities  are  the  leading  centers 
of  theoretical  physics  research  ;u  the  United 
States.  In  addition  other  smaller  but  important 
theoretical  projects  are  supported  at  about  25  other 
universities  and  research  institutes.  It  is  the  nature 
of  the  theoretical  physicist  to  wish  to  derive  from 
known  principles  the  same  numbers  which  the  ex- 
j>erin»entalist  obtains  by  his  measurements,  and 
then  togo  further  and  predict  the  results  of  experi¬ 
ments  not  yet  made.  The  tools  of  his  trade  are  the 
theorems  and  methods  of  mathematics,  which  are 
applied  to  the  mathematically  expiessed  laws  and 
principles  of  physics  to  obtain  new  relationships 
at.H!  new  laws  expressing  the  experimental  observa¬ 
tions  of  physics.  When  observed  phenomena  can 
be  explained  and  numot  leal  values  calculated  from 
a  limited  body  of  fundamental  principles,  the 
theorist  considers  them  to  be  “understood.” 
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ELEMENTAHY  TARTICIJS 

Probably  the  area  of  theoretical  physics  which  is 
most  exciting  and  fast  moving  at  present  is  elemen¬ 
tary  particle  physics.  It  is  to  produce  and  study 
elementary  particles  thnt  the  great  accelerators 
have  been  constructed  by  many  nations.  In  these 
accelerators  n  bewildering  variety  of  new  particles 
has  been  created,  merely  by  causing  collisions  of 
high-speed  protens  or  electrons  with  the  nuclei 
of  target  atoms.  In  such  collisions,  a  portion  of  t  he 
energy  of  morion  of  the  high-velocity  our!  iefe  >s 
changed  into  new  particles  which  possess  measur¬ 
able  mars  (and  frequently  charge,)  as  well  an  r. 
host  of  other  characteristics.  If  the  energy  is  suffi¬ 
ciently  high,  even  the  protons  (or  perhaps  a  neu¬ 
tron)  may  be  converted  into  strange  new  particles 
of  greater  mass,  which  undergo  a  series  of  decays 
to  other  elementary  particles,  leading  eventually 
back  to  a  proton  (or  perhaps  a  neutron).  Ail  mas¬ 
sive  free  particles  except  the  proton  and  the  elec¬ 
tron  (and  the,  neutron,  if  it  is  in  an  atonic  nucleus) 
have  fleeting  existence. 

Tiie  theoretical  physicist  attempts  to  discover 
the  rules  of  nature  which  govern  these  changes  and 
tc  predict  the  characteristics  of  new  particles 
which  are  subsequently  discovered  by  experimen¬ 
talist.  Needless  to  say,  predictions  which  cannot  lie 
proven  by  experiment  do  not  lead  to  acceptance 
of  theory.  Astonishing  success  bus  been  achieved 
in  characterizing  particles  and  in  sorting  out  the 
transformations  allowed  by  nature  and  those  not 
allowed.  A  few  years  ago  a  brilliant  prediction 
by  Gell-Mann  of  Cal  Tech  and  Ne'emati,  then  at 
Imperial  College  (London),  now  at  Tel-Aviv  Uni¬ 
versity  (and  an  AFOSR  principal  investigator), 
was  made  of  tire  particle  called  the  “Omega- 
minus.”  They  gave  so  detailed  a  description  of  the 
Omega-minus  thnt  search  of  Rrookhaven  bubble- 
chamber  film  quickly  revealed  two  clear  examples 
of  the  particle.  Ry  an  application  of  group  theory, 
it  was  found  that  the  pro|>erties  of  a  particular 
group  called  SC-3  were  especially  suited  to  classi¬ 
fying  a  sulrstantinl  fraction  of  the  known  particles. 
Th  is  led  to  a  great  flurry  of  activity  in  exploring 
higher  symmetry  groups  such  as  SC-6  and  0-12 
(or  “I  twiddle  12,”  as  it  is  now  universally 
known),  but  progress  thus  far  1ms  heen  slow  in 
obtaining  u  completely  satisfacto  y  relntivistically 
invariant  classification  scheme. 

One  interesting  aspect  which  has  lately  received 
attention  in  the  press  is  whether  “time  reversal 


invariance”  holds  in  elementary  particle  inter¬ 
actions.  It  is  a  long-accepted  principle  of  physics 
that  (he  laws  of  physics  are  invariant  whether 
going  forward  or  backward  in  time.  As  an  example 
suppose  tha*  the  swinging  of  a  pendulum  is 
photograp’  -d  on  movie  film.  If  the  movie  film  is 
then  projec  d,  it  is  found  that  the  film  may  la*  run 
either  forward  or  backward  and  the  motion  of  the 
pendulum  is  observed  to  be  the  same.  It  is  there¬ 
fore  not  |K)ssil)le  by  watching  the  movie  to  deduce 
whether  time  is  being  run  forward  or  backward 
in  the  projection  since  the  equations  for  the 
motion  of  the  pendulum  are  the  same.  Thus  the 
equations  of  motion  are  said  to  be  “time  reversal 
invariant.” 

It  is  firmly  established  that  the  quantity  known 
as  ('FT  is  invariant,  where  C,  P,  and  T  stand  for 
certain  quantum  mechanical  operators.  C  is  the 
charge  conjugation,  P  the  parity,  and  T  the  time 
reversal  operator.  It  was  once  believed  that  in  any 
elementary  particle  transformation  and  decay  C, 
P,  and  T  were  conserved;  i.e.,  each  operation,  when 
applied  over  all  the  particles  involved  in  the  inter¬ 
action,  has  the  same  value  after  as  tiefore  the 
change.  However,  some  years  ago,  it  was  found 
that  P  was  not  conserved  in  eertain  weak  inter¬ 
actions  (specifically  in  beta  decay,  a  common  type 
of  radioactivity),  which  was  surprising  and  dis¬ 
turbing  to  the  physicist. 

It  was  then  thought  probable  that,  when  P  was 
not  conserved  there  was  a  corresponding  violation 
of  C  conservation  such  that  the  combined  opera¬ 
tion  of  CP  was  conserved.  However,  in  one  now 
well-established  transformation,  the  decay  of  the 
kaon  of  zero  charge  into  a  )>air  of  pions  (one  posi¬ 
tive  and  one  negative)  it  was  found  that  CP  con¬ 
servation  was  slightly  violated.  The  smallness  of 
tlie  violation  was  even  more  disturbing  to  theorists 
than  a  large  violation  would  have  been,  because  it 
calls  into  question  whether  the  violation  arises  in 
the  strong,  weak,  or  electromagnetic  interactions, 
or  even  in  a  iipvv  postulated  “super-weak”  inter¬ 
action.  The.  decay  of  the  eta  particle  is  known  to 
proceed  by  electromagnetic  interaction,  and  if  that 
is  responsible  for  CP  violation,  there  would  be  an 
asymmetry  in  the  energy  distribution  of  the 
charged  pions  produced  in  the  decay.  (The  eta 
particle,  by  the  way,  was  discovered  by  an 
AFOSR -sponsored  investigator,  Pevsner  at  Johns 
Hopkins,  several  years  ago.)  The  recent  news 
stories  reported  that  such  an  asymmetry  had  been 
observed  by  a  Rrookhaven  group,  but  still  more 


recent  and  more  extensive  work  at  CERN  showed 
none.  Thus  it  presently  appears  that  the  CP  viola¬ 
tion  may  not  be  in  the  electromagnetic  interaction. 
The  importance  of  these  exjieriments,  which  have 
all  been  suggested  by  theorists,  is  that  if  CP  is  not 
conserved,  and  yet  the  combined  CPT  operation 
is  conserved,  then  there  should  be  a  related  viola¬ 
tion  of  T  conservation.  This  would  be  most  sub¬ 
versive  of  physical  theory.  On  the  other  hand  if 
T  is  conserved  and  CPT  is  violated,  this  would 
destroy  most  of  the  existing  theory  of  elementary 
particle  physics.  An  exjveriment  to  make  a  direct 
test  of  T  in  variance  in  electromagnetic  interact¬ 
ions  is  in  preparation  by  Fairbank  in  an  AFOSR- 
sponsored  investigation  at  Stanford,  described 
more  fully  in  a  following  discussion  by  E.  Wei- 
gold.  One  may  have  some  appreciation  of  the 
importance  of  these  questions  of  reflecting  that 
Einstein's  demonstration  that  E=mc*  in  effect 
overthrew  other  conservation  laws,  in  certain  in¬ 
stances  at  least,  namely,  conservation  of  mass  and 
conservation  of  energy.  His  discoveries  must  have 
seemed  at  least  as  remote  from  practical  affaire 
at  that  time  as  these  questions  seem  now,  but 
with  the  accelerating  rate  of  progress  of  science 
and  technology  it  is  possible  and  jierhaps  likely 
that  understanding  of  these  very  fundamental 
matters  will  produce  rapid  though  presently  un¬ 
predictable  practical  results  sooner  than  is  now 
foreseeable.  This  somewhat  sketchy  discussion  is 
intended  to  give  some  notion  of  the  “hottest” 
problem  on  the  most  fundamental  levels  of 
physics,  and  the  participation  of  AFOSR  in 
research  to  solve  it. 

F1F.IX  THEORY 

!  Another  less  rapidly  moving  but  important  area 

of  theoretical  physics  is  gravitational  field  theory 
,  including  its  relationship  to  quantum  theory.  The 
)  special  theory  of  relativity  announced  in  1905  by 
Einstein  set  forth  the  principles  governing  the  dy- 
i  namirs  of  rapidly  moving  bodies,  from  which  New¬ 

ton's  laws  of  motion  emerged  as  special  cases  for 
|  low  velocity  systems.  Later  in  1915  Einstein  an- 
!  nouneed  the  general  relativity  theory,  which  gave  a 

I  relativistic  description  of  the  dynamics  of  bodies  in 
gravitational  Helds.  When  quantum  mechanics  was 
developed  in  the  19‘20's,  it  was  an  obvious  and 
I  rapid  development  to  originate  relativistic  quan- 
1  turn  mechanics,  and  with  the  rise  of  accelerator 


physics,  very  satisfactory  descriptions  of  a 
variety  of  phenomena  were  obtained  using  the 
theory.  Thus,  except  for  certain  questions  on  the 
research  frontiers  as  illustrated  above,  both  the 
special  theory  of  relativity  and  quantum  theory 
are  truths  essentially  beyond  question. 

With  the  general  theory,  the  situation  is  quite 
different.  This  gigantic  concept,  almost  untestable 
and  untested,  still  stands  apart  from  the  main 
body  of  physical  tlieory,  Rnd  yet  is  so  extremely 
fundamental  in  its  treatment  of  space,  time,  and 
gravitation  that  scientists  have  been  disturbed 
and  baffled  by  this  apparent  lack  of  connection. 
One  of  the  problems  is  the  testing  of  the  general 
theory.  Einstein  cited  three  phenomena  which  he 
regarded  as  tests  of  the  theory:  (1)  the  bending 
of  starlight  in  paths  close  to  the  sun;  (2)  the 
shifting  of  spectral  lines  toward  the  red  in  spectra 
of  massive  stars:  and  (3)  the  precession  of  the 
perihelion  of  the  planet  Mercury.  The  first,  of 
these  is  measurable  only  at  the  time  of  total 
eclipse,  and  then  only  inaccurately.  It  has  been 
shown  by  Schiff,  an  AFOSR-sponsoreu  investiga¬ 
tor  at  Stanford  University,  that  the  second  may 
be  explained  without  recourse  to  the  general 
theory,  using  only  the  special  theory  and  the 
principal  of  equivalence.  The  third  is  a  small  effect 
(43  seconds  of  arc  per  century)  but  it  has  been 
found  to  agree,  quite  accurately  with  the  predic¬ 
tion  of  the  general  theory.  It  is  thus  the  only  satis¬ 
factory  test  of  the  validity  of  the  general  theory. 
It  should  lie  added  that  relativity  specialists  hold 
different  points  of  view  among  themselves,  and 
many  regard  the  principle  of  equivalence,  which  is 
merely  a  statement  of  the  experimental  observa¬ 
tion  that  gravitational  muss  and  inertial  mass  are 
exactly  proportional,  as  being  a  logical  conse¬ 
quence  of  the  general  theory.  Thus  they  regard 
this  as  being  in  effect  a  completely  satisfactory 
experimental  verification  of  the  theory.  On  the 
other  hand,  it  does  not  necessarily  follow  that  the 
principle  of  equivalence  could  not  be  a  consequence 
of  some  alternative  theory  of  gravitation,  al¬ 
though  no  such  theory  has  been  seriously  proposed, 
probably  because  the  general  theory  of  relativity 
is  so  elegant  and  complete. 

The  fundamental  importance  of  the  theory, 
regardless  of  the  relation  of  the  principle  of 
equivalence  to  it,  is  such  that  considerable  thought 
has  been  given  to  further  experimental  test.  Two 
new  tests  lmv>  been  proposed  and  designed  by 
AFOSR -sponsored  investigators  (Schiff  and  Fair- 
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bonk  at  Stanford),  which  are  based  on  the  be¬ 
havior  of  gyroscopes  in  the  gravitational  field  of 
the  earth.  It  has  been  deduced  from  the  genera) 
theory  that  a  gyroscope  moving  about  the  earth  in 
a  polar  orbiting  satellite  will  exhibit  two  types 
of  precession  of  its  axis  caused  by  tho  gravita¬ 
tional  field  of  the  earth,  A  superconducting  gyro¬ 
scope  has  been  designed  which  is  expected  to  have 
a  drift  rate  less  than  0.01  second  of  arc  per  year. 
This  must  be  housed  in  a  magnetic  field  free  space, 
to  shield  it  from  the  earth’s  magnetic  field.  If 
successful  this  will  be  a  substantial  advance  in 
gyroscope  technology,  and  will  permit  the  test¬ 
ing  of  the  general  theory.  A  second  experiment  is 
also  being  prepared  which  will  use  the  nucleus  of 
the  helium  isotope  of  atomic  weight  three  as  the 
gyro.  This  will  also  require  the  use  of  magnetic 
field  free  space  and  may  be  done  on  the  earth’s 
surface,  using  the  rotation  of  the  earth  itself,  in¬ 
stead  of  the  orbiting  satellite,  to  carty  the  gyro 
about  the  earth.  It  is  also  of  interest  to  note  that 
if  an  electric  field  is  applied  to  the  Helium-3  gyro 
system,  and  precession  is  found  to  ensue  owing  to 
this  field,  it  will  prove  that  the  neutron  has  an 
electric  dipole.  This  will  establish  that  time  re¬ 
versal  invariance  is  violated  in  electromagnetic 
interactions  with  elementary  particles  as  discussed 
earlier.  These  experiments  are  in  preparation  un¬ 
der  AFOSR  sponsorship  (1),  and  offer  interest¬ 
ing  illustrations  of  how  fundamental  discoveries 
and  problems  lead  to  advances  in  practical  tech¬ 
nologies,  which  in  turn  makes  possible  further 
fundamental  advances. 

One  aspect  of  gravitational  theory  is  most 
strange,  namely  that  while  all  other  physical 
phenomena,  when  discussed  on  a  fundamental 
level,  require  recourse  to  quantum  theory,  the 
general  theory  of  relativity  has  no  clear  connec¬ 
tion  with  or  apparent  need  of  quantum  concepts. 
Even  magnetic  fields  have  been  discovered  recently 
to  have  quantized  flux.  One  cannot  help  having  a 
suspicion  that  the  position  of  the  general  theory 
with  respect  to  gravity  may  be  analogous  to  that 
of  Maxwell’s  equations  with  respect  to  electricity 
and  magnetism,  which  also  required  no  resort  to 
quantum  concepts.  It  was  not  until  the  discovery 
of  the  electron,  the  special  theory,  and  much  later 
the  quantum  theory,  that  the  reasons  for  the 
validity  of  Maxwell’s  equations  were  understood 
on  a  more  fundamental  level.  It  is  thus  natural 
for  relativists  to  become  engrossed  in  attempts  to 
quantize  gravitation,  in  order  to  seek  a  similiar 


understanding  of  the  general  theory  equations.  It 
is  quite  possible  to  postulate  a  “graviton,”  with 
a  role  perhaps  analogous  to  the  photon  in  electro¬ 
magnetic  interactions,  and  which  would  be  a  kind 
of  quantum  of  the  gravitational  interaction.  The 
nature  and  the  characteristics  of  the  graviton 
emerge  from  the  theoretical  deductions,  which 
might  tell  the  experimentalists  where  and  how 
to  look  for  this  “particle.”  Since  all  particles  in 
motion  have  associated  with  them  a  characteristic 
wavelength  the  concept  of  the  graviton  immedi¬ 
ately  suggests  the  possibility  of  gravity  waves, 
and  several  experiments  have  been  and  are  being 
studied  or  conducted  in  a  search  for  them.  Thus 
far,  no  evidence  of  their  existence  has  been  experi¬ 
mentally  observed. 

General  Phyi/ci 

The  program  of  the  general  physics  division, 
ns  the  name  suggests,  is  a  diversified  research  pro¬ 
gram  in  many  fields  of  physics  of  importance  to 
the  Air  Force.  It  is  administered  by  a  staff  com 
prising  three  civilians  and  one  military  officer, 
and  has  nn  annual  expenditure  rate  of  about  $4.8 
million  per  year,  including  ARPA  funds.  The 
major  [tort  ion  of  the  program  deals  with  atomic 
and  molecular  physical  phenomena,  including 
quantum  electronics.  Other  aspects  include  investi¬ 
gations  in  plasma  physics,  both  in  the  laboratory 
and  with  nstropliysical  techniques:  space  physics, 
including  ionospheric  and  astronomical  studies: 
statistical  mechanics  and  studies  of  nonequilibrium 
thermodynamics:  and  quantum  optics  and  co¬ 
herent  radiation. 

STELLAR  INTERFEROMETRY  AND  COHERENCE 

One  of  the  exciting  investigations  which  has 
had  a  major  impact  in  modern  optics  is  the  Brown- 
Twiss  stellar  interferometer,  located  in  Narrabri, 
Australia.  The  ordinary  Michelson  stellar  inter¬ 
ferometer  gathers  the  light  from  a  star  at  two 
separate  apertures,  and  by  a  system  of  mirrors 
brings  the  light  together  so  that  an  interference 
pattern  is  created.  This  is  physically  similar  to 
the  interference  pattern  when  light  passes  through 
two  slits,  creating  interference  fringes  on  a  screen 
behind  the  slits :  the  narrower  the  slits,  the  sharper 
the  fringes  on  the  screen.  Similarly,  the  Michelson 
type  of  stellar  interferometer  causes  the  light  from 
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!  the  sta  r  to  interfere  such  that  fringes  are  produced, 

with  their  sharpness  depending  on  the  apparent 
diameter  of  the  star.  In  pract  ice,  a  Micheison  inter- 
|  ferometer  has  not  been  found  very  useful,  because 

j  all  but  a  very  few  stars  are  so  far  away  that  it 

’  is  not  possible  to  get  the  two  light-gathering  ap- 

j  ertures  sufficiently  far  apart  so  that  stars  appear 

j  as  other  than  point  sources.  The  reason  for  this 

»  is  that,  the  base  line  distance  between  the  two 

t  apertures  must  have  a  ratio  to  the  light  wavelength 

of  the  approximate  order  of  magnitude  as  the 
!  ratio  of  the  distance  to  the  star  to  the  length  of 
the  baseline.  When  the  baseline  is  made  this  long, 
there  is  sufficient  variation  in  the  optical  path 
length  owing  to  thermal  and  mechanical  distur- 
S  bances,  t  hat  clear  fringes  cannot  be  formed.  Brown 

and  Twiss,  two  radio  astronomers  then  at  Jodrell 
[  Bank,  England,  discovered  a  way  to  avoid  this 
problem  by  a  radically  new  approach,  of  such 
I  basic  importance  that  it  has  created  an  entirely 
new  field  of  research,  not  only  in  optics,  but  in 
radio  technology  as  well. 

This  consisted  of  gathering  light  from  a  given 
star  on  two  large  mirrors  some  distance  apart  and 
focussing  it  upon  photomultiplier  tubes.  The  elec¬ 
trical  outputs  of  the  tubes  were  then  multiplied 
together  so  that  the  fluctuations  were  correlated 
against  each  other.  While  it  is  a  well-known  fact 
that  stars  twinkle,  owing  to  atmospheric  effects, 
j  it  is  not  these  twinkling  fluctuations  which  are 
measured !  Instead  it  is  the  fluctuations  due  to  the 
•  basic  coherent  characteristics  of  the  light  from  a 
[  weak  point  source.  If  the  star  being  observed  is 
very  far  away,  the  light  arriving  at  the  earth 
|  fluctuates  in  intensity,  in  such  a  way  that  the  fluc- 

I  tuations  at  one  point  of  observation  are  exactly 

I!  the  same  as  at  another.  The  light  is  then  said  to 

*  be  completely  coherent.  If  a  nearby  star  is  ob¬ 
served,  and  the  two  points  of  observation  are 
sufficiently  far  apart,  then  it  is  found  that  the 
fluctuations  are  not  identical  at  the  two  points, 
|  because  the  light  is  only  partially  coherent.  The 
g,  degree  of  incoherence  may  be  measured  by  cross- 
i  correlation  of  the  intensity  fluctuations  measured 
f  at  the  two  points.  This  means  that  the  star  no 
§?  longer  appears  to  such  an  intensity  interferometer 
1  as  a  point  source,  but  instead  has  a  measurable 
i  diameter  which  can  be  computed  from  the  degree 

s  of  incoherence.  The  Brown-Twiss  Interferometer 

&  at  Narrabri,  sponsored  by  AFOSR,  has  mirrors 
H  24  feet  in  diameter,  mounted  on  a  circular  railway 

*  such  that  they  can  be  separated  as  much  as  600 


feet.  The  Australian  location  was  selected  because 
many  more  stars  are  within  range  in  the  southern 
hemisphere  than  in  the  northern.  By  cross- 
correlating  fluctuations  over  a  100- megacycle 
bandwidth,  the  atmospheric  scintillation  ia  a 
negligible  fraction  of  the  total,  and  introduces  no 
error. 

The  importance  of  this  discovery  lies  not  so 
much  in  the  astronomical  data  which  will  be  ob¬ 
tained  on  the  100  or  200  stars  which  the  instrument 
can  resolve,  although  it  is  quite  true  that  the  re¬ 
sults  are  of  enormous  interest  to  astronomers,  and 
particularly  to  those  astrophysicists  concerned 
with  the  nuclear  processes  by  which  stars  derive 
their  energies.  Instead  it  is  the  wholly  new  outlook 
of  the  behavior  of  coherent  and  partly  coherent 
light  and  the  wholly  new  field  of  quantum  statis¬ 
tics  of  radiant  sources  which  is  being  developed 
to  understand  and  explain  this  behavior.  Practi¬ 
cally,  there  is  of  course  an  obvious  extension  of 
the  theory  to  radar  observations  of  objects  too  dis¬ 
tant  to  be  resolvable  by  conventional  tecliniques. 
It  is  more  than  mildly  astonishing  that  what  now 
seems  an  obvious  extension  of  quantum  theory  of 
electromagnetic  radiation  so  long  escaped  atten¬ 
tion  not  only  of  optical  physicists  but  of  radio 
physicists  as  well. 

LASERS 

This  remarkable  expansion  of  the  horizons  of 
the  properties  of  light  is  of  enormous  importance 
in  laser  theory,  for  of  course  lasers  produce  light 
of  a  high  degree  of  coherence.  F undamental  papers 
on  laser  theory  were  published  several  years  ago 
by  two  AFOSR-sponsored  investigators:  A  sami- 
classical  treatment  by  Lamb,  and  a  quantum  me¬ 
chanical  treatment  by  Glauber.  These  papers  dealt 
with  the  mechanism  of  the  stimulated  emission 
phenomenon,  from  their  respective  points  of  view. 
Lasers  have  two  characteristics  of  both  scientific 
and  practical  interest  :  They  produce  light  which 
has  a  high  degree  of  coherence,  and  the  light  has 
very  high  intensity,  which  if  desired  may  be 
emitted  in  extremely  short  pulses.  It  is  the  latter 
property  on  which  practical  interest  has  so  far 
mostly  been  centered,  although  it  is  the  coherence 
property  which  is  responsible  for  the  highly  col¬ 
limated  nature  of  the  laser  beam,  that  makes  pos¬ 
sible  the  practical  use  of  the  high  intensity.  It  is 
the  coherence  property,  however,  which  suggests 
the  potential  use  in  communication,  with  the  first 
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obvious  idea  being  merely  the  modulation  of  the 
extremely  narrow  spectral  line,  as  in  radio  trans¬ 
mission  of  information.  Indeed  an  AFOSR-spon- 
aored  investigator,  Holzhauser,  has  shown  how  to 
use  amplitude  modulation  of  laser  beams  in  a 
practical  way,  and  beat  frequency  studies  with  two 
independent  laser  beams  have  been  made  by  other 
AFOSR  sponsored  investigators  as  well,  includ¬ 
ing  Siegnwn  and  Mendel.  While  not  perhaps  casu¬ 
ally  evident,  it  is  a  fact  that  all  these  modulations 
and  interference  effects,  like  the  Brown-Twigs  ex¬ 
periment,  involve  quantum  mechanical  fluctua¬ 
tions,  including  the  stimulated  emission  process 
itself  and  the  spectral  line  width  of  the  emitted 
radiation.  The  Brown-Twiss  ideas  essentially 
opened  the  door  to  these  new  concepts. 

Masers,  both  optical  and  microwave,  operate  be¬ 
cause  certain  atoms  have  transitional  probabilities 
for  certain  of  their  electronic  energy  levels  such 
that  an  '‘inverted  population’'  of  electrons  can  be 
produced.  This  requires  that  energy  can  be  easily 
absorbed  by  or  “pumped”  into  the  atom  such  that 
electrons  are  raised  to  a  high  energy  level,  and  then 
drop  into  an  intermediate  level  which  has  a  natu¬ 
rally  low  probability  of  transition  back  to  the 
normal  ground  level.  With  such  atoms,  given  suf¬ 
ficiently  rapid  pumping  by  optical,  radiofre¬ 
quency,  or  even  chemical  means  it  is  possible  to 
elevate  and  temporarily  store  a  large  percentage  of 
the  ground  state  electrons  in  the  higher  energy, 
meta-stable  level.  These  energised  atoms  may  be 
either  in  the  gaseous,  liquid,  or  solid  state  in  vari¬ 
ous  masers  which  have  been  made.  In  nearly  all 
masers,  it  is  necessary  in  practice  to  have  them  in  a 
resonant  cavity,  in  the  instance  of  optical  masers, 
or  lasers,  consisting  of  two  plane  mirrors  at  each 
end  of  the  cylinder  containing  the  energized  atoms. 
When  the  mirrors  are  made  parallel  (called  Q- 
s witching),  light  is  then  reflected  back  and  forth 
between  the  mirrors,  making  possible  a  standing 
wave  optical  field  pattern  in  the  laser  material. 
The  presence  of  this  field  influences  the  transition 
probability  for  the  electrons  in  the  excited  state  to 
return  to  the  ground  state,  by  giving  off  their 
stored  energy  as  light  quanta.  Depending  on  the 
phase  and  intensity  of  the  electric  or  magnetic  field 
of  the  light  quanta  traveling  back  and  forth  be¬ 
tween  the  two  mirrors,  the  transition  probabilities 
are  raised  or  lowered  in  such  a  way  that  the  tran¬ 
sitions  are  stimulated  or  inhibited  in  just  such  a 
manner  that  the  newly  emitted  photon  is  in  phase 
with  the  standing  wave  train  between  the  mirrors. 


thus  adding  to  the  intensity  of  the  wave.  This 
buildup  of  intensity  is  extremely  rapid,  and  by 
having  a  small  hole  in  or.c  mirror,  or  having  it  only 
partially  silvered,  the  pulse  of  light  is  allowed  to 
leak  out  as  the  laser  beam.  Pulses  of  enormous  in¬ 
tensity  may  be  generated,  which  when  property 
focused  will  even  punch  holes  in  diamonds,  simply 
by  vaporizing  the  diamond.  Continuously  operat¬ 
ing  lasers  of  lower  intensity  may  also  be  made  by 
continuously  pumping  suitable  atoms,  which  emit 
tlteir  spectral  line  (or  lines)  at  steady  intensity. 
It  is  clear  that  to  obtain  a  laser  beam  of  a  desired 
wavelength,  it  is  necessary  first  to  discover  atoms 
(or  molecules)  which  have  the  appropriate  energy 
levels  as  described  above.  These  are  readily  investi¬ 
gated  by  studying  atomic  and  molecular  spectra 
since  each  spectral  line  is  only  a  manifestation  of 
the  energy  difference  between  two  levels,  and  the 
line  intensity  is  related  to  the  probability  of  tran¬ 
sition  between  these  levels.  Because  of  the  great 
practical  interest  in  masers,  both  microwave  and 
optical,  there  has  been  a  substantial  increase  in 
spectroscopic  research,  in  which  the  AFOSR  pro¬ 
gram  is  well  represented.  Indeed  AFOSR-spon- 
sored  research  has  played  a  major  role  in  the  de 
velopment.  of  laser  technology,  since  not  only  has 
much  of  the  theory  of  laser  action  been  developed 
as  discussed  above,  but  many  of  the  laser  crystals 
have  been  products  of  the  solid  state  program.  In 
addition  the  knowledge  of  rare  earth  element 
spectra  gained  by  the  late  Professor  Dieke  of 
Johns  Hopkins  made  available  many  of  the 
dopants  used  in  laser  crystals  under  AFOSR 
sponsorship. 

IRREVERSIBLE  PROCESSES  AND  STATISTICAL  MECHANICS 

An  important  program  in  the  AFOSR  general 
physics  research  is  the  theoretical  program  on  non¬ 
equilibrium  processes.  Heisenberg  once  termed  the 
understanding  of  turbulence  “the  aristocrat  of 
physics  problems”  because  of  its  intractability.  It 
might  once  have  been  more  appropriate  to  apply 
this  accolade  to  nonequilibrium  processes,  for 
turbulence  is  only  one  example  of  such  processes, 
but  this  is  no  longer  true,  for  in  recent  years 
theoretical  physicists  have  succeeded  in  reducing 
this  aristocrat  more  to  the  level  of  at  most  the 
upper  middle  class.  To  quote  the  TLS.  National 
Academy  of  Sciences  (2) : 
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“The  more  complex  problems  of  the  funda¬ 
mentals  of  irreversible  statistical  mechanics  have 
been  attacked  successfully  only  recently  by  Pri¬ 
gogine  and  colleagues  at  the  University  of  Brus¬ 
sels.  The  understanding  of  the  nature  of  the  ap¬ 
proach  to  equilibrium  developed  by  the  Prigogine 
school  represents  a  contribution  to  the  statistical 
theory  of  matter  comparable  in  importance  to  the 
work  of  Gibbs." 

Commenting  to  AFOSR  on  this  remarkably 
complimentary  statement,  Professor  Prigogine 
said  that  “this  development  was  only  possible 
through  the  continuous  support  of  the  U.S.  Air 
Force,”  which  was  from  AFOSR  through  the 
European  Office  of  Aerospace  Research. 

The  understanding  of  all  physical  processes  in 
the  final  analysis  must  discuss  the  behavior  of  the 
individual  particles  involved  in  the  process.  In 
fluid  physics  this  requires  discussing  the  move¬ 
ments  of  molecules,  in  plasma  physics,  of  ions  and 
electrons,  in  nuclear  physics,  of  nucleons;  in  ele¬ 
mentary  particle  physics,  the  various  ordinary  and 
strange  particles  involved.  If  the  system  of  parti¬ 
cles  is  in  macroscopic  equilibrium,  then  the  details 
of  the  particle  behavior  may  usually  be  discussed 
using  a  rather  simple  kind  of  average  behavior, 
known  as  Boltzmann  statistics.  The  proper  use  of 
this  body  of  theory  leads  to  the  equations  of  equi¬ 
librium  thermodynamics,  thus  providing  a  micro¬ 
scopic  understanding  of  why  the  laws  of  thermo¬ 
dynamics  hold.  When  any  physical  or  chemical 
change  takes  place,  however,  ordinary  thermo¬ 
dynamics  has  nothing  to  say  regarding  the  rates 
of  change,  nor  does  the  ordinary  statistical  me¬ 
chanics.  The  reason  is  that  the  kind  of  averaging 
processes  developed  by  Boltzmann  and  Gibbs  is 
not  successful  in  systems  which  are  not  at  equi¬ 
librium,  except  on  a  microscopic  scale  at  best.  Thus 
new  kinds  of  statistical  approaches  have  had  to  be 
developed,  and  since  1935  advances  in  the  under¬ 
standing  of  nonequilibrium  processes  has  pro¬ 
ceeded  at  an  accelerating  rate.  The  basic  theory  is 
known  as  the  If -body  problem,  which  must  take 
into  account  the  rate  processes  of  the  mechanical 
interactions  between  the  many  bodies  involved, 
transport  processes,  and  hydrodynamic  processes. 
The  AFOSR  program  in  this  field  sponsors,  in 
addition  to  Prigogine,  a  number  of  other  outstand¬ 
ing  theorists,  including  Lebowitz,  Siegel,  Lieb,  and 
Watson. 


KADAK  STUDIES  or  THE  lONoSFHEEE  AND  PLANETS 

One  major  project  now  world  famous  is  man¬ 
aged  by  AFOSR  for  the  Advanced  Research  Proj¬ 
ects  Agency,  called  the  Arecibo  Ionospheric 
Observatory,  located  in  a  natural  bowl  near 
Arecibo,  P.R.  This  observatory  is  really  &  gigantic 
radar,  with  a  reflecting  dish  1,000  feet  in  diameter, 
and  with  the  430  megacycle  radiofrequency  feed 
suspended  about  500  feet  above  the  dish,  which 
rests  on  the  earth  in  the  bowl.  Unlike  meet  radars, 
the  emitted  beam  of  radiation  is  steered  by  moving 
the  feed  while  the  dish  remains  immobile.  This 
novel  arrangement  was  first  worked  out  by  an 
AFCRL  scientist,  Sletten,  and  permits  steering 
about  20°  from  the  vertical  in  all  directions.  To 
accomplish  this,  the  dish  must  have  a  spherical 
surface  instead  of  the  usual  parabolic  surface,  and 
the  feed  must  be  a  line  feed,  instead  of  the  horn 
feed  (quasi-point  source)  of  a  parabolic  reflector. 
The  problem  of  this  novel  feed  has  led  to  an  inter¬ 
esting  practical  advance  in  antenna  design,  which 
must  be  mentioned  as  an  example  of  how  scientific 
research  leads  to  unexpected  practical  side  results. 
The  original  feed  is  a  tapered  rectangular  tube  90 
feet  long,  having  slotted  openings  spaced  along 
each  side.  The  radar  signal  at  2.5  megawatts  peak 
power  is  pulsed  into  the  feed,  and  by  emerging 
from  the  slots  as  it  passes  down  the  feed,  illumi¬ 
nates  the  dish  such  that  the  phases  of  the  waves 
reflected  from  the  different  regions  of  the  dish 
combine  to  produce  a  plane  wave  upward  parallel 
to  the  feed.  By  pointing  the  feed  in  different  direc¬ 
tions,  the  beam  is  steered  in  the  desired  direction. 
In  the  early  operation  of  the  dish,  it  was  disap¬ 
pointingly  revealed  that  the  arrangement  was  only 
about  40  percent  efficient  in  getting  the  radiation 
energy  into  the  beam,  as  compared  with  about  60 
percent  efficiency  of  a  parabolic  reflector  with  a 
simple  horn  feed.  Further  analysis  and  experimen¬ 
tation  has  led  to  a  new  design  which  can  be  readily 
made  to  give  an  efficiency  above  that  of  the  para¬ 
bolic  antenna.  It  seems  possible  that  this  discovery 
could  lead  to  major  changes  in  future  antenna 
designs. 

The  design  of  the  observatory  was  dictated  by 
the  requirements  for  studying  the  ionosphere, 
which  is  done  by  sending  a  high-intensity  pulse 
through  the  ionosphere,  which  is  essentially  trans¬ 
parent  to  430  megacycles.  The  radiofrequency  field 
causes  the  electrons  and  ions  to  oscillate  in  syn- 
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chjonism  with  it,  and  u  a  result  of  this  movement 
they  reradiate,  since  they  an  accelerated  charges. 
A  portion  of  this  energy  arrives  back  at  the  dish, 
and  is  measured  by  it  in  phase  and  amplitude.  The 
interval  between  the  time  the  pulse  is  originally 
broadcast  and  the  time  the  returning  radiation 
is  received  is  a  measure  of  the  distance,  since  the 
signal  travels  at  the  finite  speed  of  light.  The  anal¬ 
ysis  of  the  phase  and  amplitude  of  the  signal  yields 
the  concentration  and  temperature  of  the  particles 
at  that  distance.  Thus  the  ionosphere  may  be 
mapped  in  a  broad  region  above  the  observatory. 
It  has  been  found  that  charged  particles  move  in 
clouds  across  the  ionosphere,  and  their  character¬ 
istics  are  studied,  along  with  their  diurnal  varia¬ 
tion. 

Because  of  the  high  power  of  the  transmitter, 
radar  astronomy  of  the  nearer  planets  is  possible, 
and  the  rates  of  rotation  of  both  Mercury  and 
Venus  have  been  accurately  measured.  Mercury 
was  previously  thought  to  have  only  one  face  to  the 
Sun,  as  the  Moon  has  to  the  Earth,  but  has  been 
established  to  rotate  in  the  retrograde  direction 
(opposite  to  the  Earth’s  rotation)  on  its  axis  once 
every  two-thirds  Mercurial  year.  The  radar  reflec¬ 
tion  characteristics  of  the  lunar  surface  are  also 
presently  being  mapped  for  NASA. 

Because  of  the  large  area  of  the  dish,  it  has  the 
greatest  sensitivity  in  tho  world  for  receiving  sig¬ 
nals  from  space.  The  most  interesting  part  of  the 
radio  spectrum  is  the  21-centimeter  ( 1430  mega¬ 
cycles)  line  emitted  by  hydrogen,  which  is  received 
from  very  distant  galaxies  among  other  sources. 
It  has  been  possible  to  true  the  surface  of  the  dish 
sufficiently  so  that  about  600  feet  of  the  diameter 
is  effective  for  receiving  this  wavelength.  A  suit¬ 
able  feed  is  lieing  designed  and  birlt  for  efficient 
reception  of  this  frequency,  and  '  icn  this  is  in 
operation  the  observatory  will  beet,  e  first  in  im¬ 
portance  among  the  dishes  in  the  wt  !d  for  radio- 
astronomy. 

Gaophysfee— -Jelimofogy 

The  AFOSR  geophysics  division,  comprising 
one  civilian  and  one  officer,  operates  a  basic  re¬ 
search  program  in  seismology  on  behalf  of  the 
Advanced  Research  Projects  Agency,  as  a  part 
of  the  underground  nuclear  test  detection  program 
of  ARPA.  The  AFOSR  program  comprises  about 
40  projects  mainly  carried  out  by  universities,  and 
includes  research  in  instrumentation,  seismic  data 


processing  and  interpretation  of  the  structure  of 
the  earth,  and  exploration  of  sites  st  a  number  of 
locations  around  the  earth. 

The  basic  problems  of  underground  explosion 
detection  are  the  detection  of  the  seismic  signal 
of  the  explosion  in  the  background  of  seismic  noise, 
and  then  the  analysis  of  the  event  to  determine 
whether  it  was  caused  by  an  earthquake  or  an  ex¬ 
plosion.  If  the  explosion  is  large,  then  neither  ot 
these  is  difficult,  but  for  very  small  explosions  the 
signal  may  be  lost  in  the  noise,  and  small  earth¬ 
quakes  are  so  numerous  that  even  for  identifiable 
signals  the  uncertainty  of  interpretation  is  large. 

The  enlargement  of  the  signal  to  noise  ratio  can 
be  promoted  in  three  ways,  by  moving  the  observ¬ 
ing  station  close  to  the  explosion  ( which  is  possible 
for  the  Nevada  test  site  but  not  for  others) ,  by  lo¬ 
cating  the  observing  station  in  regions  with  the 
minimum  noise  level,  and  by  using  arrays  of  seis¬ 
mometers  and  processing  the  signals  so  that  ad¬ 
vantage  can  be  taken  of  the  directionality  and 
coherence  of  the  seismic  signal.  It  is  of  interest  to 
note  that  in  the  past  summer  the  center  of  the 
Greenland  icecap  has  been  found  to  1*  an  excellent 
low  noise  area,  to  the  surprise  of  most  seismol¬ 
ogists.  This  was  learned  by  an  expedition  orga 
nized  by  the  Arctic  Institute  of  North  America, 
supported  and  flown  in  by  the  Alaskan  Air  Com¬ 
mand  from  Thule  Air  Force  Base.  A  second  site 
of  good  quality  is  a  station  near  Abeche,  Chad,  in 
the  center  of  \frica,  whpre  a  station  is  operated 
under  supervision  of  Roeard  of  the  University  of 
Paris  in  cwqjeration  with  Anderson  of  Columbia 
l  nivsrsity.  Both  sites  are  far  from  the  ocean,  a 
well-known  source  of  seismic  noise,  much  of  which 
has  been  shown  to  come  from  waves  on  certain 
beaches.  Another  investigation  by  Bradner  of  the 
University  of  California  at  San  Diego  has  in¬ 
cluded  ocean  bottom  measurements  at.  many  points 
in  the  southern  and  central  Pacific  Ocean,  at 
depths  as  great  as  14,000  feet.  It  does  not  appear 
that  the  ocean  bottom  has  low  noise  characteristics. 

(tftVOIK* 

The  preceding  discussions  by  no  means  include 
all  the  interesting  subjects  in  AFOSR  physical 
sciences  research,  but  are  only  a  sampling  of  the 
program.  All  sponsored  investigations  are  basic  in 
nature,  for  it  has  been  standard  practice  to  refer 
applied  research  investigators  to  the  appropriate 
laboratories  of  the  Air  Force  Systems  Command's 
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research  and  technology  division.  In  selecting  pro¬ 
posals  for  support,  the  physical  sciences  staff  has 
attempted  to  choose  the  most  original  and  impor¬ 
tant  research  which  its  experience  and  imagina¬ 
tion  leads  it  to  believe  will  be  fundamental  to 
future  Air  Force  technology.  Importance  is 
measured  by  an  assessment  of  how  much  under¬ 
standing  of  the  physical  phenomena  being  investi¬ 
gated  is  likely  to  be  gamed  if  the  outcome  is  suc¬ 
cessful.  Probability  of  success  is  also  a  factor 
which  is  weighed. 

The  question  is  often  asked  as  to  why  the  Air 
Force,  or  even  the  Defense  Department,  operates 
a  program  of  this  type.  Why  should  not  the  Na¬ 
tional  Science  Foundation  be  the  exclusive  Fed¬ 
eral  agency  to  support  basic  research?  There  are 
undoubtedly  reasonable  arguments  on  both  sides 
of  the  question,  but  it  should  be  remembered  that 
the  Air  Force  on  balance  benefits  from  its  involve¬ 
ment  in  the  basic  research  activity  of  the  Nation. 
The  more  connection  the  Air  Force  has  with  basic 
research,  the  more  interaction  there  is  between 
the  Air  Force  and  scientific  thought  and  scientists. 
The  Ait  Force  is  the  largest  consumer  of  basic 
knowledge,  because  of  the  vastness  and  complexity 
of  the  technology  used.  Research  and  science  also 
benefit  from  interaction  with  defense  technology 
and  its  needs,  and  each  reinforces  the  other.  While 
basic  research  is  beneficial  to  the  general  level  of 
national  technology,  it  is  essential  to  Air  Force 
technology,  which  rapidly  assimilates  new  dis¬ 
coveries  and  usually  applies  them  far  in  advance 
of  commercial  exploitation,  in  order  to  maintain 
the  most  advanced  level  of  aerospaee  technology. 

It  is  rare  that  a  given  basic  research  discovery 
can  he  demonstrated  as  having  been  taken  directly 
through  applied  research,  and  technical  and  opera¬ 
tional  development  to  hardware.  Instead,  there  is 
a  complexity  of  movement  on  all  fronts,  from  very 
fundamental  research  to  perhaps  only  a  slightly 
improved  gadget,  which  are  all  important,  with 


each  reinforcing  all  others.  If  any  of  the  move¬ 
ment  is  lacking,  then  all  are  affected,  and  tech¬ 
nological  progress  is  slowed  in  producing  new  and 
complex  systems. 

It  is  strange  to  a  scientist  that  managers  will 
often  ask  for  a  prediction  as  to  what  will  be 
the  effect  on  future  developments  if  basic  research 
is  diminished,  or  even  discontinued.  This  is  asking 
what  will  be  the  effect  of  the  lack  of  an  idea  which 
no  one  has  yet  conceived.  This  can  be  answered  for 
a  certain  number  of  ideas  in  the  past  originating 
from  basic  research,  but  even  there  it  is  not  usually 
possible  to  trace  an  explicit  chain  of  events  lead¬ 
ing  to  an  important  system  of  hardware.  From 
such  history,  it  must  be  concluded  that  innovation 
must  be  continuous  in  any  technological  organiza¬ 
tion.  It  is  the  opposite  of  stagnation,  and  stagna¬ 
tion  is  fatal,  whether  it  be  in  military,  commercial, 
or  any  other  enterprise.  Innovation  only  comee 
from  ideas,  and  in  technologies,  ideas  come  from 
basic  research  activities  more  than  from  any 
other. 

It  has  been  the  aim  of  the  physical  sciences 
program  to  strive  for  the  novel,  the  original,  and 
the  fundamental.  While  such  judgments  are  far 
from  infallible,  the  record  of  Air  Force  participa¬ 
tion  in  the  really  new  research  ideas  luts  been 
exceptional.  It  is  the  prime  objective  to  keep  it 
that  way. 

UfWNCH 

I  .< )  See  also  the  paper  In  this  volume  bj  E.  Weilold 
"Observational  Testa  o t  General  Relativity"  or  tbe 
paper  entitled  "From  Quantized  Flux  to  a  Free 
Procession  Nuclear  Gyro,"  by  Fairbank  et  al„  Ic 
the  Proceeding!  of  the  OAR  Retearch  t gpUeutiona 
Conference.  5  Apr  1968,  Ofice  of  Aerospace 
Research. 

(£)  Publication  is9iO.  par.  2,  p.  12,  oi  the  National  Acad¬ 
emy  of  Sciences  National  Reeeareh  Council,  Waab 
lntt on.  D.C.  (1966) 
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PHYSICAL  SCIENCES 


2.B.B  PHYSICS 


2.1.0  ELEMENTARY  PARTICLE  PHYSICS 
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2.2.0  NUCLEAR  STRUCTURE  PHYSICS 
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2.1.0  ATONIC  ANO  MOLECULAR  PHYSICS 
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Chemical  Sciences 

I  )ji.  Ascos  CJ.  Hornet,  Director 

The  directorate  of  chemical  sciences,  with  an  an¬ 
nual  budget  of  approximately  $3.3  million,  spon¬ 
sors  basic  research  in  areas  of  chemistry  of 
immediate  and  of  long-range  interest  to  the  Air 
Force.  The  funds  are  provided  by  congressional 
appropriation,  via  the  Department  of  Defense  and 
the  Office  of  Aerospace  Research.  As  a  report  to 
the  taxpayers — our  stockholders — the  directorate 
of  chemical  sciences  each  year  prepares  “Chem¬ 
istry  Program  Review."  This  document,  which  is 
available  upon  request,  gives  many  interesting 
statistical  and  timely  scientific  details  about  our 
program. 

The  directorate  of  chemical  sciences  has  six 
senior  scientists,  one  military,  who  select  and  man¬ 
age  the  program.  Each  of  our  approximately  150 
research  efforts  generally  has  a  4-ycar  active  life 
span  with  the  funds  being  made  available  for  con¬ 
secutive  2-year  periods.  The  average  cost  of  each 
research  effort  is  about  $25,000  per  year,  although 
they  range  from  $5,000  to  $165,000. 

The  chief  investigators  and  their  unsolicited 
proposed  research  programs  are  carefully  selected. 
Scientific  merit,  probable  return  per  dollar  in  Air 
Force  areas  of  interest,  and  the  investigator's  in¬ 
fectious  enthusiasm  and  dedication  for  iiis  pro¬ 
posed  research  play  important  roles  in  the  selec¬ 
tion  process. 

The  chemistry  research  program  consists  of  a 
balanced  research  effort  of  a  fundamental  nature 
in  chemistry  and  closely  related  areas  (1)  as  a 
foundation  for  meeting  the  more  direct  and  vary¬ 
ing  needs — recognized  and  unrecognized — of  the 
military,  and  (2)  research  in  specific  recognized 
areas  where  the  aim  is  discovering  new  under¬ 
standing  that  will  open  the  way  both  to  new 
science  and  to  satisfying  defense  needs  within  a 
foreseeable  timespan. 

The  first  includes  selected  research  in  (he  basic 
disciplines  of  chemistry  which  are  likely  to  pro¬ 
duce  information  leadingto  new  or  improved  mate¬ 
rials  and  their  applications  to  military  structures, 
military  power-plants,  military  armaments,  and 


military  communication  systems.  Crucial  military 
problems  exist  in  limited  war  or  in  global  war. 
Present  military  problems  and  undoubtedly  those 
of  year  2000  involve  structures,  powerplants, 
armaments,  communication  systems,  and  people. 
The  disciplines  of  chemistry  relevant  to  these 
military  objectives  and  our  program  include  the 
following. 

Synthesis,  usually  according  to  a  rational  plan, 
is  the  construction  of  complex  substances  by  the 
combination  of  simpler  ones.  The  projected  con¬ 
struction  of  a  molecule  of  a  substance  must  be  by  a 
design,  a  sequence  of  steps,  some  of  which  may 
never  have  been  performed  before.  The  projected 
plan  of  synthesis  must  be  fashioned  in  accordance 
with  analogy  and  theory,  since  simple  trial  and 
error  is  too  costly  in  time  and  effort.  Dr.  Anthony 
J.  Matuszko  of  our  staff  in  a  later  section  of  this 
report  discusses  organometallic  chemistry  and 
gives  a  clear  picture  of  the  problems  and  successes 
of  synthesizing  new  substances  containing  carbon- 
metal  bonds  and  at  the  same  time,  points  out  the 
Air  Force  stake  in  this  exciting  area  of  chemistry. 

Structural  chemistry  and  physical  properties 
are  important  in  all  areas  of  our  chemistry  pro¬ 
gram.  The  unit  of  structure  may  be  the  molecule 
or  crystal,  or  it  may  Ire  part  of  a  molecule,  o.g., 
a  group  of  atoms,  or  even  a  single  electron  or  a 
single  atomic  nucleus.  The  qualitative  understand¬ 
ing  of  chemistry  is  almost  always  in  terms  of 
structural  units.  When  a  chemical  reaction  occurs, 
it  is  the  changes  in  physical  properties  which  per¬ 
mit  the  chemist  to  decide  which  structural  units  of 
the  molecule  have  changed. 

The  following  is  quoted  from  the  Westheimer 
Report,  “Chemistry:  Opportunities  and  Needs/’ 
published  in  1965  by  the  National  Academy  of 
Sciences : 

The  more  we  know  about  the  molecular 
structures  of  chemical  compounds,  the  more 
readily  we  can  transform  them  in  predictable 
ways  and  the  more  readily  we  can  understand 
transformations  that  we  cannot  predict. 
Nothing  less  than  a  “total”  approach  serves 
for  the  kinds  of  problems  that  are  now  being 
ntrarked;  every  possible  measurement  that 
can  yield  a  clue  is  required.  This  manner  of 
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approach  to  molecular  structures  has  led  to  a 
marked  change  in  chemistry. 

The  tools  that  have  made  this  change  pos¬ 
sible  include  new  searching  equipment  for 
detecting  and  measuring  spectra  of  various 
kinds:  Infrared,  microwave,  radiofrequency, 
ultraviolet,  visible,  Raman,  Mossbauer,  X-ray, 
nuclear,  magnetic  resonance,  electron-spin, 
resonance,  nuclear  quadrupole,  and  mass 
spectra.  Furthermore,  electronic  digital  com¬ 
puters  have  been  especially  useful.  We  can 
now  achieve  rapid  and  detailed  characteriza¬ 
tion  of  physical  properties,  many  of  which 
either  were  completely  unknown  10  years  ago 
or  could  be  determined  only  with  precision 
lower  by  several  orders  of  magnitude  than  is 
now  attainable.  The  new  information  on 
structure  has  led  to  development  in  theories 
of  intermediates  in  reaction  mechanisms,  of 
geometrical  and  electronic  structural  units,  of 
spectra,  of  stereospecific  synthesis,  of  biologi¬ 
cal  activity,  and  particularly  of  electronic 
binding  and  chemical  transformation. 

The  modem  experimental  chemist  has  a  labora¬ 
tory  full  of  sophisticated  electronic  gear.  The  com¬ 
puter  is  fast  becoming  an  essential  tool  for  both 
the  chemical  experimentalist  and  theoretician. 
Other  important  tools  and  emerging  techniques 
(in  addition  to  those  mentioned  above)  on  the  ex¬ 
ploding  frontiers  of  chemistry  in  which  our  pro¬ 
gram  is  involved  include :  Molecular  beams,  shock- 
tube  chemistry,  high-pressure  techniques,  vapor 
phase  calorimetry  and  vapor  phase  chromatog¬ 
raphy,  high-energy  lasers. 

*  *  *  we  are  not  yet  able  to  predict  what 
new  chemical  and  physical  phenomena  will 
be  found.  *  *  *  we  are  only  beginning  to 
know  what  properties  of  a  molecule  and  its 
environment  we  need  to  find  to  follow  its 
reactions;  and  we  are  almost  totally  ignorant 
of  the  nature  of  chemical  structure  and  trans¬ 
formation  under  extreme  conditions  of  tem¬ 
perature,  pressure,  electric  and  magnetic 
fields,  and  combinations  of  these.  (Westhei- 
mer  report.) 

Chemical  dynamic s,  a  major  area  of  our  research 
program,  is  concerned  with  such  questions  as :  How 
do  reactions  occur?  What  forces  drive  them  ?  Why 
are  they  so  fast,  or  so  slow  ?  Most  useful  reactions 
do  not  take  place  in  a  single  simple  step.  The  basic 
task  in  the  study  of  chemical  dynamics  is  to  under¬ 


stand  the  elementary  processes  in  a  sequence  or  net¬ 
work  of  cooperative  and  competitive  steps.  For 
example,  the  reaction  between  hydrogen  and  chlo¬ 
rine  to  produce  hydrogen  chloride  is  not  simple 
but  is  a  complex  network  of  elementary  steps  and  a 
chain  of  reactions.  Some  of  these  take  place  thou¬ 
sands  of  times  until  the  chain  is  broken.  Innumer¬ 
able  chains  constitute  the  process.  Chain  reactions 
occur  in  flames,  explosions,  burning  of  propellants, 
and  in  the  making  of  polymers. 

What  is  the  velocity  of  each  separate  elementary 
step  in  a  network  of  chemical  reactions?  What  is 
the  nature  of  the  mechanical  and  chemical  energy 
transfers  that  are  taking  place  during  the  reac¬ 
tion  !  Obtaining  and  understanding  the  answers  to 
these  kinds  of  questions  are  important  to  the  prog¬ 
ress  of  chemical  dynamics.  Dr.  Alfred  Weissler  of 
our  staff  discusses  the  energy  matter  interface,  its 
place  in  the  AFOSR  chemistry  program,  and  its 
relevancy  to  Air  Force  in  this  report.  G.  C.  Pim¬ 
entel  (University  of  California  at  Berkeley)  un¬ 
der  AFOSR  sponsorship  discovered  a  method  of 
making  the  first  chemical  laser  using  the  reaction 
between  hydrogen  and  chlorine,  described  by  Dr. 
William  L.  Ruigh  in  his  article  “Rapid  Scan  In¬ 
frared  Spectroscopy.” 

Chemical  reactions  take  place  in  solids,  in  liq¬ 
uids,  and  in  gases.  Surface  chemistry  involves 
chemical  reactions  at  interfaces  separating  two 
states  of  matter.  These  latter  reactions  at  inter¬ 
faces  or  heterogeneous  reactions  are  of  extreme 
importance  to  the  Air  Force,  to  the  chemical  in¬ 
dustry,  and  the  science  of  chemical  dynamics.  For 
example:  Corrosion  vnd  crack  propagation  of 
metals,  synthesis  of  '  igh-octane  gasoline,  manu¬ 
facture  of  nitric  aci  '  f  sulfuric  acid,  of  ammonia, 
of  butadiene  for  nthetic  rubber,  and  numerous 
other  chemicals.  Z'  ost  of  these  processes  are  still 
not  understood. 

In  heterogeneous  catalysis,  chemical  reactions 
take  place  between  molecules  of  a  liquid  cr  gas 
that  are  adsorbed  on  a  surface.  The  substances 
formed  are  then  replaced  by  new  molecules  of  the 
reactants.  “Dirty  surfaces” — that  is,  surfaces  on 
which  there  are  unwanted  foreign  substances— 
have  stymied  fundamental  work  on  catalysis  until 
recently.  Ultra-high  vacuum  is  now  making  it 
possible  to  work  with  “atomically  clean”  surfaces. 
One  fine  new  tool  for  studying  molecules  on  sur¬ 
faces  is  the  field-emission  microscope.  Using  this 
instrument  technique,  Gert  Ehrlich  of  General 
Electric  is  studying  for  us  the  kinetics  of  the  ad- 


sorption  of  hydrogen  on  such  aemiccndurtcr  sur¬ 
faces  as  germanium. 

Another  important  surface  chemistry  area  is 
electrochemistry,  which  deals  with  reactions  that 
take  place  at  the  interface  between  solutions  and 
electrodes  when  an  electric  current  passes  through 
the  solution.  The  chemical  dynamicists  are  fasci¬ 
nated  by  electrochemical  processes  and  reactions, 
not  only  because  of  their  inherent  importance,  be¬ 
cause  they  provide  precision  tools  for  the  study  of 
many  other  kinds  of  chemical  reactions.  Electro¬ 
chemists  have  made  available  a  large  variety  of 
measurements  for  application  to  practical  as  well 
as  research  problems.  Electrochemical  dynamics 
plays  an  important  role  in  both  military  and  civil¬ 
ian  economy.  Batteries  and  the  electrochemical  in¬ 
dustries,  fuel  cells  and  communication  systems, 
illustrate  the  importance  of  the  interconversions  of 
chemical  and  electrical  eneigy  and  the  increasing 
technical  importance  of  the  field.  Both  in  the  past 
and  in  the  present  our  program  has  given  careful 
attention  to  this  important  chemistry  research 
area. 

Many  of  the  better  understood  chemical  reac¬ 
tions  take  place  in  solution  where  the  reacting  sub¬ 
stances  are  dissolved  in  liquids.  A  study  of  a  va¬ 
riety  of  reactions  by  dynamic  methods  in  solution 
have  led  to  an  understanding  of  reaction  mech¬ 
anisms  and  have  supplied  the  ideas  and  generaliza¬ 
tions  essential  to  the  successful  practical  synthesis 
of  (implicated  compounds.  For  example,  M.  E. 
Kenny  (Case  Inst.  Tech.)  synthesized  phthalo- 
cyaninosiloxane  polymers  and  D  Seyferth 
(MIT)  devised  a  new  method  of  generating  the 
subsequent  synthesis  of  fluorinated  cyclopropane 
derivatives.  Dr.  Matuszko  discusses  the  contribu¬ 
tions  of  these  investigators  to  our  program. 

Many  reactions  tak*  place  in  steps  wi*h  the  for¬ 
mation  of  transient  intermediates.  These  short¬ 
lived  substances  are  consumed  almost  as  fast  as 
they  are  formed.  Some  exist  in  solution  for  time 
intervals  as  short  as  a  billionth  of  a  second.  Free 
radicals  are  examples  of  those  substances,  which 
were  being  studied  in  our  program  in  the  1950’s 
by  F.  O.  Rice  at  Catholic  University,  H.  P.  Broida 
at  NBS,  and  G.  C.  Pimentel  at  Berkeley  using  the 
matrix-isolation  techniques.  Out  of  these  re¬ 
searches  grew  the  DOD  million-dollar-plus  NBS 
Free  Radical  Program  headed  by  Dr.  Broida. 

In  an  attempt  to  latch  on  to  an  exotic  new  fuel 
the  study  of  transient  intermediates  has  opened 
up  rich  new  areas  of  chemical  science  important 


in  syntheses  of  new  substances,  understanding  of 
kinetics  of  reactions,  the  understanding  of  molec¬ 
ular  rearrangements  and  of  reaction  mechanisms. 
Several  of  our  investigators  are  exploring  ihiu 
promising  research  area.  For  example,  P.  Skeiil 
(Penn  State)  is  studying  Ci,  C,,  and  other  single 
atom  species  as  synthetic  agents  and  Libby 
(UCLA)  hopes  to  add  single  atoms  of  carbon  in 
high  vacuum  to  clean  surfaces  of  solid  carbon 
crystals  (diamond) .  Growing  such  crystals  should 
be  a  natural  for  a  manned  orbital  laboratory. 

Accompanying  each  chemical  change  there  is 
also  an  energy  change.  This  phenomenon  and  the 
energy  content  of  each  individual  chemical  species 
and  the  energy  level  of  each  of  its  electrons  are 
also  of  primary  importance  to  the  chemical 
dynamicists.  Note  Dr.  Weissler’s  discussion  of 
photochemistry  radiation  chemistry  in  this  report. 

Solids  are  the  principal  components  of  all  mili¬ 
tary  structures,  military  powerplants,  military 
armaments,  and  military  communication  systems. 
The  chemical  behavior  of  solids  has  been  impor¬ 
tant  in  modern  technology  for  a  long  time.  The 
serious  work  on  the  chemistry  of  solid  state,  how¬ 
ever,  has  not  been  commensurate  with  the  impor¬ 
tance  of  the  subject.  Why  ?  Have  the  ARPA  inter¬ 
disciplinary  laboratories  been  highly  productive 
in  solving  significant  military  problems  associated 
with  materials?  Is  neglect  of  solid-state  chemistry 
by  ARPA  laboratories,  as  well  as  the  general 
neglect  of  the  subject,  because  it  is  so  very  diffi¬ 
cult  f  Is  it  because  of  the  lack  of  vision  of  its 
imDortance  or  the  lack  of  funds  for  its  support? 
Although  chemical  reactions  in  solids  are  more 
difficult  to  study  than  in  any  other  medium  and 
the  problems  are  exceedingly  complex,  our  pro¬ 
gram  does  contain  numerous  research  efforts 
involving  solid-state  chemistry.  Much  of  the 
fine  work  recently  done  in  solid-state  physics 
actually  lies  in  the  overlapping  area  of  chemistry 
and  physics.  Progress  to  date  in  understanding 
the  solid  state  has  been  made  primarily  by 
physicists  who  nre  concerned  with  the  description 
of  those  properties  of  matter  that  are  not  sensi¬ 
tive  to  the  nature  of  the  particular  system — that 
is  they  are  concerned  with  mathematical  descrip¬ 
tions  of  isolated  units.  Future  progress  is  more 
appropriately  in  the  hands  of  chemists  because 
they  are  concerned  with  system-sensitive  aspects 
of  matter — that  is,  with  units  of  matter  in  a  real 
environment,  even  though  many  such  problems 
now  seem  impossible. 
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It  has  often  been  said  thet  the  crystalline  state 
and  the  gaseous  state  of  matter  are  well  under¬ 
stood  and  that  very  little  is  known  about  the  liquid 
state.  We  in  chemistry  have  given  some  attention 
to  the  liquid  state  since  the  early  days  of  our  pro¬ 
gram.  Denton  W.  Elliott  discusses  “Liquid  Struc¬ 
ture”  as  well  as  “Why  should  the  Air  Force  be 
interested  in  the  structure  o<  liquids?” 

Even  a  short  discussion  Oi  basic  disciplines  of 
chemistry  important  to  the  Air  Force  must  include 
theoretical  chemistry.  Aii  aspects  of  chemistry’ 
already  discussed  is  the  concern  of  theoretical 
chemistry.  Our  past  program,  our  present  pro¬ 
gram  and  our  future  will  be  concerned  with 
theoretical  chemistry.  I  wish  to  quote  from  the 
theoretical  chemistry  panel  report  prepared  for 
the  Westheimer  committee : 

The  theoretical  chemist  invents,  tests, 
and  develops  new  theoretical  concepts  and 
new  theoretical  methods;  he  applies  theories 
already  established  to  newly  discovered  chemi¬ 
cal  phenomena;  he  relates  different  chemical 
phenomena  and  data  by  examining  the  con¬ 
nections  among  them  required  by  theory;  he 
provides  a  theoretical  framework  for  discus¬ 
sion  of  data;  he  tries  to  qualify;  he  tries  to 
predict.  Above  all  else,  he  tries  to  understand. 
The  ultimate  theoretical  treatment  is  solely 
in  terms  of  the  laws  of  nature,  hut  this  is 
rarely  achieved;  the  most  valuable  chemical 
theory  often  falls  far  short  of  being  a  set  of 
inviolate  mathematical  deductions  from  phys¬ 
ical  principles. 

In  chemistry,  theory  and  experiment  inter¬ 
act  strongly  and  continually.  When  new  phe¬ 
nomena  are  discovered,  theory  is  used  in  order 
to  understand  and  organize  tie-  data,  and  to 
relate  the  data  to  what  is  alrem.v  known.  In 
the  next  stage,  the  orgnnizat  ■»  provides 
guidance  for  new  experiments,  ,'redicting 
the  results  of  new  experiments  is  a  final  stage 
of  theory,  and  established  theory  lias  predic¬ 
tive  value  for  engineering 

technology  is  in  'urge  measure  the  end 
product  of  old  theories,  Chemical  thermody- 
namies  w»„  for  decades  the  province  of  the 
theoretical  chemist,  but  today  it  is  a  major 
resource  of  .he  engineer.  Considered  in  this 
light,  modem  statistical  mechanics  and  quan¬ 
tum  mechanics  can  be  confidently  expected  to 
evolve  into  everyday  tools  of  future  engineers. 


Even  today,  theoretical  chemistry  is  playing 
a  dynamic  role  in  technological  research. 

This  brief  treatment  of  synthesis,  structure,  re¬ 
actions,  surfaces,  liquids,  solids,  solutions,  electro¬ 
chemistry,  and  theoretical  chemistry  are  all  illus¬ 
trative  of  chemical  disciplines  likely  to  produce 
information  which  will  serve  as  a  foundation  fer 
the  varying  needs  of  the  Air  Force.  It  is  illustra 
tive  of  the  consideration  of  the  first  part  of  our 
program  in  chemistry. 

The  consideration  of  the  second  part  of  our  pro¬ 
gram  are  the  specific  recognized  areas,  as  previ¬ 
ously  suggested,  where  the  aim  is  discovering  new 
understanding  that  will  open  the  way  both  to  new 
science  and  to  satisfying  defense  needs  within  the 
foreseeable  timespan.  Here,  we  are  concerned  witli 
the  chemistry  in  extremes  in  environment,  such 
as  high  pressure,  high  vacuum,  high  and  low  tem¬ 
peratures.  We  are  concerned  with  radiation  effects 
on  substances,  novel  synthesis  of  certain  kinds  of 
substances,  and  with  novel  or  improved  techniques 
for  sensing  and  measuring  minute  concentrations 
and  chemical  changes  taking  place.  We  are  con¬ 
cerned  with  an  improved  understanding  of  tire  real 
nature  of  selected  substances  of  scientific  and  mili¬ 
tary  importance. 

This  second  part  of  our  program  may  be  illus¬ 
trated  by  a  series  of  queries  which  plague  the 
minds  of  our  investigators ; — 

How  does  the  form,  structure,  and  stability  of 
a  polymer  change  with  the  degree  of  crystalliza¬ 
tion  (Flory — Stanford)? 

At  room  temperature  at  pressures  from  10-200 
atmospheres,  what  is  the  nature  of  the  solvent 
action  of  liquified  gases  such  as  carbon  dioxide, 
ammoniu,  and  noncarbon  flourides  (Peacock — 
Birmingham  University)  ? 

How  can  one  pure  species  of  the  nitrogen  atoms 
contained  in  the  upper  atmosphere  be  prepared 
in  the  laboratory?  What  is  its  chemistry  when  it 
reacts  with  other  substances?  (Licliten  and  Hoff¬ 
man — Boston  University)  ? 

What  is  the  nature  of  germanium-carbon,  tin- 
carbon,  rhenium-carlion  bonds?  How  do  you  syn¬ 
thesize  substances  containing  these  bonds  ?  How  do 
these  bonds  react  chemically  (Stone — Bristol 
University)  ? 

hat  are  the  steps  in  the  decomposition  of 
hydrogen  peroxide  decomposition  ?  Why  does  it 
take  place  so  rapidly?  Can  a  radioisotope  labeling 
technique  be  used  in  answering  these  questions 
(Edwards — Brown  University)  ? 
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What  kinds  of  molecules  will  efficiently  absorb 
the  harmful  effects— to  living  and  nonliving  sub¬ 
stances — of  ultraviolet  light  or  high-energy  nu¬ 
clear  radiation  (Hammond— Cal  Tech)  ? 

How  do  you  synthesize  triple  strand  polymers 
with  frequent  ties  between  strands  which  may  be 
thermally  stable  (Butler — University  of  Florida)  ? 

How  can  flame  spectrometry  and  gas  chroma¬ 
tography  be  used  to  make  ultrasensitive  and  selec¬ 
tive  detectors  for  the  detection  and  analysis  of 
vapors  and  gases,  including  toxic  ones  ( Wineford- 
ner — University  of  Florida)  ? 

What  structural  changes  take  place  when 
selected  substances  such  as  semiconductor  mate¬ 
rials  are  subjected  to  pressures  up  to  and  over  2 
million  pounds  per  square  inch  ( Kasper — General 
Electric)  ? 

How  does  one  synthesize  compounds  of  transi¬ 
tion  metals — such  as  iron,  cobalt,  and  nickel — with 
nitrogen,  phosphorus,  and  sulfur?  What  will  be 
their  structure  and  chemistry  (King  University 
of  Georgia)  ? 

How  can  the  structure— and  thus  the  chemis¬ 
try- -of  minute  single  crystals  of  unknown  sub¬ 
stances  be  determined  by  X-ray  diffraction  and 
computer  techniques  (Gougoutas— Harvard)  ? 

What  is  the  nature  of  the  solid  solid  reactions 
of  onium  salts  with  amine  complexes  of  cobalt, 
nickel,  chromium  and  copper,  etc.,  at  elevated 
temperatures  and  high  pressure?  as  revealed  by 
the  use  of  thermoanalytieal  techniques  (Wend- 
landt — University  of  Houston)  ? 

What  really  happens  to  all  the  energy  in  an 
exothermic  chemical  renet  inn  from  a  molecular 
point  of  view,  since  an  appreciable  amount  has  not 
yet  been  made  useful  for  propulsion  or  in  explo¬ 
sives  ( Bair— Indiana  University)'? 

How  can  the  many  quantum  chemistry  elec¬ 
tronic  computer  programs,  which  are  so  expensive 
in  scientific  manpower  and  dollars,  lie  made  avail¬ 
able  to  other  investigators  who  need  the  same  pro¬ 
gram  as  a  step  in  their  ov,n  researches  ?  A  partial 
answer  is  provided  by  Harrison  Shull  (Indiana 


University)  who  operates  the  AFO?R  quantum 
chemistry  program — now  starting  its  fourth  year 
with  over  361  active  participants  at  home  and 
abroad. 

How  can  electrochemical  techniques,  such  a? 
pokrog  rapine  and  electrodeposit  ion  methods,  be 
used  for  the  separation  and  determination  of  such 
metals  as  zirconium,  hafnium,  tantalum,  niobium, 
titanium,  and  rare  earth  metals  such  as  scandium? 
Gan  novel  nonaqueous  solvents,  for  example,  ace¬ 
tonitrile,  be  used  for  these  separations  and  deter¬ 
minations  (Oliver — University  of  Massachusetts)  ? 

Is  it  possible  to  get  a  better  understanding  of 
the  chemical  structure  of  oxide  glasses  such  as 
alkali-alkaline  earth  aluminum-silicate  systems, 
using  irradiation  techniques,  by  a  systematic  study 
of  localized  defects  states  in  panallei  with  the  same 
systems  in  crystalline  form?  Will  the  study  be 
more  fruitful  by  varying  the  chemical  composition 
(Mackey — Mellon  Institute)  ? 

How  can  I  build  a  device  which  will  accelerate 
neutral  molecules  to  a  high  speed,  each  molecule  to 
have  the  same  energy  content,  in  order  to  test  cur¬ 
rent  theories  of  inelastic  collisions  and  to  mors 
profoundly  understand  the  nature  of  gas-phase 
chemical  reactions,  as  well  as  the  nature  of  gas 
liquid  nnd  gas-solid  collision  processes  (Whar¬ 
ton — University  of  Chicago)  ? 

These  are  examples  of  questions  which  our 
chemistry  investigators  are  attempting  to  answer. 
The  answers  may  open  up  whole  new  areas  of 
science  and  will  undoubtedly  answer  questions 
relevant  to  Air  Force  interests. 

"The  natural  sciences,  such  as  physics,  chemis¬ 
try.  ami  mathematics,  assume,  a  very  great  signifi¬ 
cance  in  eontenqiomry  military  affairs.  Only  on 
the  basis  of  these  sciences  can  one  reliably  and 
objectively  evaluate  the  new  principles  which 
govern  different  forms  of  military  material.” 
{"Science  nnd  Technology  in  Contemporary 
Wmx."  Soviet  Maj.  Gen.  G.  I.  Pokrovsky.) 

Why  should  the  Air  Force  support  basic  re¬ 
search  in  chemistry?  The  answer  is  simple  and 
short :  It  pays. 
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EUIOTT  D  to  SRC 

HEMOLAWOT  k  k 
UNIVERSITY  OF  MOOSTCN 

TRANSITION  HE TAL  AMR I HE  CORFU  St S  AT  HIGH  PRESSURES  ARC 
TEMPER  All*CS 

ELLIOTT  (j  «  SRC 


J.J.O  ORCANIC  C«€HIST»t 


i.s.i  theoretical  a  no  structural  ug.  cw». 


UNIVERSITY  0*  WISCONSIN 

STtRIC  EFFECTS  l«  CONJUGATED  SYSTEMS 

MAfuslRC  A  j  sac 

•IRSON  J  A 

VMlYftSIlT  0*  il  SCONS]  N 
CHEMISTRY  QF  STRAINED  CLEF  I  NS 

NAIUSIRO  A  J  SRC 


At  DC#  J  « 

lN I VtR  Si ( T  U  vIROIkl A 

TntCRfTU.il  SIUCIES  ON  IHt  S  TAut  TijAt  la  l*tuROAk|C  ARC 
UaUAMUNt  lilt  IL  CCMPUMRlS 

"i, Any  ▼  a  v  SRC 

Cl  MAR  R  J  S 

lAiVgaStlV  OF  TEXAS 
ORGANIC  CHgftlClL  PHYSICS 

PATUWKL  A  J  S«C 

HIH  f  i 

NlkERStTv  of  NQTRf  CANE 
i  ..ANTI  TAT  t  YE  CONFORMATIONAL  ANALYSIS 

NATUWKC  A  J  SRC 

wER INC  H  L 

iMIvfRSITT  OF  klSCONSIN 

RATUSIKL  a  J  SRC 

GOLLFAAfl  T  l)  /BOlKC  S5  R  S 

STATE  UNIVERSITY  OF  NEk  YCLA 

PHOTOCHEMICAL • Y  GENERATED  VALENCE  TAUTOMERS 

kfISSLER  A  SRC 

OOUGCuTAS  J  / 

HARVARD  UNIVERSITY 

INSTRUMENT  GRANT  FOR  Chemical  STRUCTURE  DETERMINATION 

RUlGM  k  L  SRC 

HU  MONO  C  S 

CA.IFOANI*  INSTITUTE  OF  TCCmNGLCGY 
TRANSFER  OF  EXCITAflON  IN  SCLOTICN 

UilSSLfR  A  SMC 

MISLOk  K 

PRINCETON  UNIVERSITY 
STUDIES  IN  SIEREOCHEKISTAY 

matusekl.  a  j  src 

MLLVANCY  J  I 
UNIVERSITY  OF  ARIJONA 

CHEMISTRY  OF  ORGANOUIHIU*  COMFCuNOS  AND  ACETYLENES 

NaTuSIRC  A  .  SRC 

SMELL  P  5 

PfNNSVL VANIA  STATE  UNIVERSITY 

aiomic  chemistry 

matusexc  a  j  Src 

SIR  IE  TUJESIR  A 

UNIVERSITY  OF  CALIFORNIA 
QUANTUM  ORGANIC  CHEMISTRY 

MATUSIAL  A  J  SRC 


3.1.2  SYNTHESIS  ANO  PROP.  OF  ORG.  COMPOUNDS 


•AT  T  I  srr  M  A 
UNIVERSITY  OF  F LOR i DA 
RULTICHARGE  AROMA  lie  IONS 

NATOS/KC  A  J  SRC 

•ENRESER  R  A 

PuaOuE  UNI  VERS  I  TV 

ELECTROLYTIC  REOUCTICN  Cf  ORGANIC  CCNPCUMS 

HALFORD  E  SRC 

•LY  R  S 

UNIVERSITY  OF  SOUTH  CAROLINA 

THE  SUL  VOL  y  TIC  REACTIVITY  OF  PI-CLMPluIC  COMPOUNDS 

NAT US  ERL  A  J  SRC 

Buchanan  G  l 

UNIVERSITY  OF  GLASGOW 
STUDIES  IN  RING  EXPANSION 

HATOSEKQ  A  J  SRC 

aUTlft  G  S 

UNIVERSITY  OF  FLORIDA 

SVNIHESIS  OF  TRIPLE  STRAND  PCiLVPtHS 

MATUSIRC  A  J  SRC 

Hli-)Sf  H  0 

MASSACHUSETTS  tNSTITutf  OF  TiGMWOLCuY 

the  chemistry  of  caabanions 

•AluSiKL  A  J  SRC 

PRYOR  to  A 

LOUISIANA  JH.f  UNI  VERS!  *i 
REACTIONS  OF  FREE  RADICALS 

RAIUSIKC  A  J  SRC 

SEYFEHTH  0 

MASSACHUSETTS  INSTITUTE  OF  TECHNOLOGY 
ORURORtFAUK  SYNTHESIS  Cf  REACTIVE  INTERNED  I AI ES 

RlTUSfRC  A  i  SRC 

tRAVLrt*  T  0 

IMIVCRSITV  OF  CALIFORNIA 

CAR AON I  UR  ION  AAOItALS  ANP  CXV  RADICALS 

RAIUS2RC  A  V  SRC 

WE  51  R  C 

LMIVFRSI IY  OF  WISCONSIN 
NOVEL  ORGANOME  TALLIC  CCMWOunos 

AATuSZKU  A  4  SRC 


M 


CHEMICAL  SCONCES 


1.3.1  organic.  Chemical  uiuuu 


Wftt  I*  I  0 

OKLAHOMA  STATE  UNIVERSITY 

MUCUOEhIUC  DISPLACEMENTS  CM  T«l v«if MI  PHOSPHORUS 

■UIG*  M  L  SMC 


•OMQ«|T2  |  J 
TLiKtrfA  uAiiii>Hr 

NuCLtCP«llIC  0ISPLACEMENT5  »T  CA&ANCPhLS PHORUS  COMPOUNDS 

■016*  *  L  SMC 


J.G.O  PHYSICAL  CHEMISTRY 


3.4il  CHEMISTRY-  STRUCTURE  Of  RITTER 


•  MLO'T  •  R 

UNI VER  SI  IV  Of  SOUTHERN  CRlIFCRNlA 
"ICROfcAVE  SPEC  TRCSCOP  Y  Cf  OCRQN  CUMPOGNOS 

ILi&H  M  4.  SRC 

DUNCAN  J  F 

VICTORIA  UNIVERSITY  Of  M*ll INCTGN 
USE  Of  MG  SSBAUFR  EffCCI  IN  CHEMISTRY 

tkkioir  o  w  s*c 


HVUERAAS  E  A 
UNIVERSITY  Of  OSLO 

ELECTRONIC  STRUCTURE  ARC  ENCRCY  LEVELS  tf  MAMY  ELECTRON  AT4MS 

ELLIOTT  OH  SRC 

JAKOB Sf  N  A  J 

•ATTCLtE  memorial  institute 

FAR  IMfRAREC  STuOIES  Of  THE  HYDROGEN  faUND 

ELLIOTT  D  m  SRC 


MURRAY  ■  k/Rfc ILLY  C  H 
iMIVERSITV  Of  NORTH  CAROLINA 

ELECTROCHEMICAL  STUDIES  of  KINETICS,  AOSORfTIOK.  ANC  CIClIED 
ELECTRONIC  STATES 

ELLIOTT  0  W  SRC 


OVERENO  J 

UNIVERSITY  Of  MINNESOTA 

VIBRATIONAL  AWURMOMICITY  AND  Rd  AT  ION- V  l  BRAT  I  ON  IN?  EC  ACT  1(41  IN 
POLYATOMIC  MOLECULES 

HE  I  SSL  E  R  a  SRC 

REIRUCCI  S 

rCLYTtCHMK  INSTITUTE  CF  BROOKLYN 

KINETICS  Of  ION-CC**lC*  FORMATICN  IN  MIXTURES  Of  EUSEC  SALTS 
STUUIfO  BY  CL  TRA SONIC  ABSOMPT | UR 

YE  I  SSL f*  A  SRC 


RICE  S  A 

^rvEW'tr  Of  CHICA6CJ 

iHEORf  T ICAL  AH)  EXPERIMENTAL  STUDIES  IN  CHEMICAL  PHYSICS 

MEISSlER  a  SMC 

SHULL  H 

INDIANA  UNIVERSITY 

QUANTUM  CHEMISTRY  PROGRAM  EXCHANGE 

HALF  MO  E  T  SMC 


tHMW  I  M 

UNI VEASI IT  OF  MICHIGAN 

THE  flCITEfl  StATfS  OF  URANIC"  A  NO  H»Ay»  Rt?  ACC 

»u  »on  p  m  SMC 


IYRIN6  L 

INIVERSITV  Of  Mmupc  ISLAND 

WACOM  RESEARCH  COMPERE MCE  Cm  h|qh  i LHP E NATURE  CHEMIST  by 

MEISSlER  A  SMC 


FIND  P  » 

III  It. SEARCH  INSTITUTE 

CHEMICAL  REACTIONS  OP  SECONDARY  ELECTRONS 

RUI6*  M  L  SRC 

FLETCHER  k  N 

UNIVERSITY  CF  TENNESSEE 

HIGH  RESOLUTION  RAMAN  SPECTROSCCPY 

ELLlCTT  OH  SRC 

CESSER  H 

LPlIVERSITY  Of  MAN]  TOMA 
SURfACE  STARIcl 2ED  RADICALS 

RUIG*  M  L  SIC 


MISATSUNE  I  l 

PENNSYLVANIA  STATE  UNIVERSITY 

SPECTROSCOPIC  STUDIES  UP  CHEMICAL  REAlMOMS  IN  THE  SOLID  STATE 
ELLIOTT  U  M  SRC 


HYDE  R  G 

UNIVERSITY  Cf  M( STERN  AUSTRALIA 

SOL  10,  NON- STOICHIOMETRIC  0*»Ot  PHASES  OF  Th£  IMNtR  ANC  OUTER 
TRANSITION  METALS 

ELLIOTT  OH  SAC 


VANOERRILT  lN I Vf RSI f Y 

COOAOINATIUH,  L IDAHO  Ml ACTI VI T "  •  AND  CATALYSIS 

HAL FORD  E  T  SMC 


■OSA  |  M  S 

JOHNS  HOPKINS  UNIVERSITY 

UPPfA  ftTMOSPNiAE  lOW-NOi CCULf  REACTIONS 

ELLIOTT  0  N  SRC 


l  IRBY  U  F 

DIVERSITY  Of  CALIFORNIA 

THE  APOSR  PROt'AM  |N  SPACE  CHEMISTRY  Al  UCLA 

HALFORD  E  I  SRC 


LICHTIN  N  N/HGfFMAN  M 
BOSTON  UNIVERSITY 

M2  A-IRIPLir-SICRA  STATE  GENERATED  BY  |B*9  AMCSTRCN  UNITS  HCRLURT 
PMTOSENSITIIaTION 

NEISSLC*  A  SRC 


LUVALlf  J  E 

SOCIETY  OF  PHOTOGRAPHIC  SCIENTISTS  AML  ENGINEERS 
COLLOQUIUM  ON  THE  PHOTOlRAPhIC  INTERACTION  BETNFfN  RALlATIUN 
AND  MATTER 

HALFORD  E  I  SRC 

LYONS  L  E 

LN< YfRSITV  OF  OUECNSLARC 

CHARGE  ANO  ENERGY  TRANSFER  IN  ORGANIC  SYSTEMS 

ELLIOTT  0  1  SRC 


S HULL  H/  HAGS (ROM  s  A 
INDIANA  UNIVERSITY 

ELECTRONIC  COMPUTER  CALCULATIONS  UN  SIMPLE  CIATONlC  ANC  POLYATOMIC 
MOLECULE  S 

tLllDTT  ON  SAC 

STEEL  C 

BRANDI  I S  UNI Vf R  SI  I Y 

PHOTOCHEMISTRY  OP  A20  COMPOUNDS  and  STUDIES  IN  UNIMOiECUlAR 
REACTIONS 

HFISSfER  R  SRC 


I.*.?  chemistry- inieractions  of  ratter  ml  energy 


LMBAR  M 

HfcITMNN  INSTITUTE  Of  SCIENCE 

HfChi-iISM  Of  NITROGEN  FIXATION  BY  UlTRiSOHtt  R  AO  i  AT  1  ON  |N  MATER 
ELLIOTT  D  N  SRC 

MIR  E  J 

INDIANA  INlYfkillT 

KINETIC  SPECTROSCOPY  OP  CHEMICALLY  *Cl!VE  SYSTEMS 

ME  ISSUER  A  SRC 

RAV| j  K  0 

UNIVERSITY  OP  CALIFORNIA 
LIGHT  EMIlrCO  BY  ATOMIC  f LAMES 

MEISSlER  A  Sit 

•URNS  G 

university  uf  Toronto 

KINETICS  Of  *  TOPIC  ASSOCIATION  RfACIICMS  Li  INC  FLASH  PHOTOLYSIS 
OVER  A  HIDE  fEMPERATURE  RANGE 

HSTSSU*  A  SRL 

DOVE  A  t 

URlVEMtfY  UK  TORONTO 

KINETICS  OP  ION  FURMLIION  DOMING  CHEMICAL  Sf ACTION  IN 
S*CC*  HAVES 

RU1GH  ML  UC 


MAINS  «  J 

LAiIVCRSIlv  u*  DETROIT 
PLASMA  PINCH  PLASH  PHOTOLYSIS 

MEISSLER  A  SRC 

NOTES  M  A 

UNIVERSITY  Cf  TEXAS 

REACTIONS  OP  MOLECULE*  IN  (RUPED  ELECTRONIC  STATES  NIIm 
PARAMACAtf  1 1C  GASES 

MRTUSERC  A  J  SAC 

PACKER  J  E 

UNI  VCR  51 IV  Of  AUCKLAND 

CHfMISIRV  Of  RAO  I A  1 1  ON  PROTECTING  AGCNIS 

ELLIOTI  DU  SAC 

PIMENTEL  G  C 

UNI YER  51  TV  Of  CALIFORNIA 

Ultrarap ip- scan  infrared  spectroscopy 

ELLIOT!  Cl  SAC 

AMINOV  ITCH  B  S 

l*  IYER  SIFT  Qf  WASHINGTON 

IltlERMOLECLL AR  ENERGY  TRANSFER 

MEISSLER  A  SRC 

ROBINSON  G  M 

CAlifOBNIA  INSTITUTE  Of  TECHNGLCGV 

HIGH  RESOLUTION  SPECTROSCOPY  Of  SMAlL  NCittULIi  IN  TMt  GASEOUS 
SPATE 

FLLICTT  DU  SAC 

SCMLAG  t  K 

NUKTHME  STERN  UNIVERSITY 

HtfRCT  TRANSFER  IN  NOT  MOLECULES 

•EISSLKR  A  SAC 

TURRU  N  J 

CUUWII  UNIVERSITY 

CHEMIST**  Of  STRAINED  RING  COMPOUNDS 

MEISSLER  R  SAC 
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].».a  cmaum.  intcractiona  a r  matter  «•  tacaov 


>.s.i  **o«iii.is  »*c  Himotiwu^i  :hip  at«cr tan 


Mian  i  * 

«««*  . 

RIM  tit  energy  a  town  MMM  #•<*  lifers  u-.'« 

MAC  TIMS 

MAiFOAG  E  T 


t  w 

uhl«UUI>  u*  GiQRClA 

CM  InHMM  DECOMPOSITION  ilbOltS  OR  N|f*OMa«MC  CONPOUNcS  Mb 
INORGANIC  5*1 tS 

MAIuSlRC  1  j  Sat 


TH««  f 

ELECTROCHEMICAL  SOCftTr  o*  «"*■!<-■  *«* 

SrMPOSIt*  OR  ELECTRODE  PROCESSES 

RuIftH  H  l  **C 


OjELL  S  H 

WYtMf*$IO«0  Of  CHtif 

UlT  EFFECTS  CM  SEVERAL  ACIDITY  FUNCTIONS 

turuii^c  *  i  sal 


•INCOCK  «  C 

3.4.1  MIMCIRi.il  MMIMIK  CHEMICAL  KlCtlcai  UM I  VERSS  Tt  OF  MITtW  COiuMli 

CHEMICAL  REACTIONS  IN  FROZEN  SCLUTICMi 

ALIGN  H  L  SRC 


At  l  CM  L  C 

PRINCETON  UNIVERSITY 

CMCMICAL  ELECTRONIC  STRUCTURE  tMCOMT 

mEISSLER  A  SRC 

OCKHAM  R  A 

INC  |  AAA  UK  IV  RESEARCH  FOU*KAT|CiM 

TMORI TICAL  AMD  E RPER INEMTAL  ANALYSIS  CF  iliCTROM  SCATTERING 
FROM  ATOMS  AND  MOLECULES 

alls  SICA  A  SRC 


SHINE  M  J 

TCAAS  TECHNOLOGICAL  COLLEGE 

IOW-RAOICALS  of  ORGANIC  SULFUR  StLtMUN  TELLURIUM  AND  PHOSPHORUS 
CUMPQuNOS 

NAIuSIAC  A  j  SMC 


1.1.2  ENCAGV  IFF  EC  IS  IN  CHEMICAL  MrCTICMS 


OtGVE  f  J 
CORNELL  UNIVERSITY 

COMCfNtRAlIOM  FLUCTUATIONS  l«  THE  VICINITY  OF  THE  CRITICAL  ROlNT 
MEISSLER  A  SAC 

FUOSS  R  M 
VALE  UNIVERSITY 

INS  re  UNI  N  >  CRAM  I  FOR  ELECTROLYTIC  C  UMKjC  T  ARC  E 

AUIGH  ML  SRC 


LACHCR  J  A /MARK  J  D 
LMIVCRSIIY  OF  COLORADO 
VAPOR  RHASC  CALORIMETRY 

NALF'iRC  E  T  SAC 

HARDER UN  J  0 
huChes  RESEARCH  LARS 

ACIO-a*SC  CHARACTERISTICS  «F  PMCTCTNOPlSM 

HEISSKR  i  SMC 


NAA CRAVE  J  L 

MATIQHAi  ACAOf NY  V  t/mYH 

CONFERENCE  ON  CURRENT  AMO  FUTURE  MAORI EMS  IN  CHEMISTRY  Al  HIGH 
TfKRERATUMES 

ILLICIT  o  M  SRC 

■YtURC  S 

IMIVCRSIT*  0*  TORONTO 

NU.lv.ULAR  INTERACTIONS  AND  CRYSTA..  STRUCTURES  AT  lOM  ICMflMATURtS 
NALFORO  E  T  Ski 


SOH-aERl  U  N 

UNIVERSITY  OF  MASH  INC  TQM 

NEOIIM  €FFf c I S  ON  ACIO  CATALYZED  REACT  IONS 
AGUE On S  ACIDS 

NATOS. 'RC  A  j  SRC 


l.S.l  CHEMICAL  REACTIONS  OF  CONOEN.EO  PHASES 


PHILLIPS  L  F 

LMIVERSITV  OF  CAMTEMRURY 

fiAS  RHASC  REACTIONS  OF  ATOMS,  RAO  I C  At  5  A  HP  SIHPlf  MOLECULES 

NCI  SUER  A  SAC 


STEN4LC  T  R/LANRFatP 
LMIVERSITV  OF  NASSACHUSE TYS 

RATES  Of  (KHAKI  Of  SOLVENT  MOLECULES  mITh  P ARAMACMtl  1C  IONS 

MATUSZRC  A  J  SRC 


IARRUTY  F  0 
REED  COL  L  ICC 

REACTION  RATE  STUDIES  QF  CASEOUS  uMINCLCUiLAN  ISQMEA IZ At  IONS 

ELLIOTT  0  V  SRC 


THORN  TON  E  R 

UNIVERSITY  Of  FINNS VI VAMI A 
SOLVENT  ISOTOPE  EFFECTS  FOR  CHICK  VS.  CDIOH 
NATOS  ZAO  A  J 

TSUI  SOI  M 

NE»  YORF  UNIVERSITY 
SIGMA  FI  REARRANGE NEni 

HATCSZKG  A  J 


l.S.A  R INC  TICS  OF  FAST  CHEMICAL  REACIIONS 


SRC 


SRC 


WUHAN  D  R/CARLSUN  R  0 
CASE  INSTITUTE  OF  TECHNOLOGY 

ELECTRONIC  STRUG  TUN*  V  MOLECULES  RT  VARIATIONAL  NETHQCS  AND 
CORRELATION  CORRECTIONS 

HEISSICR  A  VAf 

MIL  SON  Q  J /MALT  ERL 
UNIVERSITY  OF  ROCHESTER 

LMIMOt ECUCAR  DECOMPOSITION  Of  CYTLOOUTAME  CIO  I  VAT  IVES  AT 
HIGH  PRESSURE 

HflSSLEA  A  SRC 


1.4.4  SLA  FACE  CHEMISTRY 


•URMCU  R  I 

NOR  IMRE  STERN  UNIVERSITY 

HETEROGENEOUS  CATALYSIS  IN  LlDUtO  SYSTEMS 

ELLIOTT  0  M  SRC 

(MLKR  « 

GENERAL  ELECTRIC  LG 

ATOMIC  UO  MOlFCULAR  RIMCTUS  (A  SOLlG  SURFACES 

RUIW1  ML  SRC 

mqMSOM  n  c 

VIRGINIA  INSTITUTE  FOR  SCIENTIFIC  RESEARCH 

CHEMICAL  CHARACTER!  IATIORi  OF  MOLECULES  ADSCRMEO  ON  A  FOREIGN  SOLID 
MCISSLER  A  S«C 

lUfFCRF  R  N 

UIRMCI  UNIVERSITY 

SURFACE  STATES  IN  FiW  PALLADIUM 

SPR  IMPEL  Mb  SRC 


S-S.R  CHEMICAL  KINETICS  APB  MtCMMtllKS 


PaDma  A 

STATE  UMIVERSHY  OF  NEW  YORK 

PFOTOCHENICRL  CENERcT  I  ON  OF  OlVALENI  L  MARCH  DERIVATIVES 

-6ISSL.R  A  SAC 


J.6.R  CHEN  AND  RHEOLOGICAL  PROPERTIES  OF  MATERIALS 


1.4.1  CHEMICAL  AMD  PHYSICAL  PROPERTIES  OF  PURE  LlOulOS 


ADAMSON  A  v 

UNIVERSITY  Of  SOUTHERN  CALIFORNIA 
PHYSICAL  AO SORF 7 ION  OF  VAPORS 

MCISSLER  A  SRC 

MOW  A  N 
GENERAL  ELECTRIC  CO 

SIKTH  INTENNATICNAL  SYMPOSIUM  ON  THE  REACT IVITV  OF  SOLIDS 

HCRRtY  AG  SRC 

CANFIELO  f  » 

OKLAreMA  UN| V  R( SEARCH  INSTIttiTE 
OiNSITY  OF  CRVDCEMC  LIOUIO  MUIURfS 

NALFORO  I  T  SRC 

CRONELL  A  0 
LMIVERSITV  OF  VERMONT 

INTERACTION  OF  NOLCCULfS  Ml  IK  SOLID  SURFACE 

HCISSLER  a  sac 

SCHMID  6  M 

(MlVCRSitv  OF  FiOMlOA 

»IO,flK?l«Wlttt,tU  <»WRUt  LAVER  CAPACITIES  ON  LiOUIO  AND 

NAtfORS  IT  s*t 

1.4.4  PROPCRtliS  OP  CRYSTALLINE  imorg.  jqliqs 


5* 


PlORV  P 

STANFOPD  NIYHSIIT 
NACR {MOLECULAR  R| SEARCH 


RATuSlKC  A  j 


Life  Sciences 

Dm  Harvey  E.  Savely,  Director 

In  this  directorate  two  divisions,  biological 
sciences  and  behavioral  sciences,  have  a  broad 
charter  to  support  studies  in  these  fields  of  poten¬ 
tial  Air  Force  interest.  However,  since  these  pro¬ 
grams  are  small,  both  in  relation  to  others  in 
AFOSR  as  well  as  in  the  Nation  as  a  whole,  only 
a  limited  number  of  areas  can  be  selected  for  sup¬ 
port.  This  selection  takes  into  account  areas 
judged  to  be  of  particular  long-range  interest  to 
the  Air  Force,  and  the  pattern  of  research  support 
already  available  in  the  military  and  in  other 
agencies  such  as  NSF  and  NIH. 

The  life  sciences  directorate  provides  the  Air 
Force  with  a  “window  on  the  universities’'  by 
selecting  carefully  projects  for  support  proposed 
by  investigators  who  can  also  give  authoritative 
technical  advice  to  the  Air  Force  on  critical  life 
science  problems  as  they  arise.  Air  Force  acquaint¬ 
ance  with  foremost  scientists  and  knowledge  of 
current  scientific  achievements  are  accomplished 
by  the  directorate’s  lending  support  to  research 
symposia  and  national  and  international  scientific 
meetings. 

In  efte  biological  sciences  division  a  decision  was 
taken,  at  least  10  years  ago,  to  emphasize  certain 
aspects  of  research  on  the  nervous  system.  At  that 
time,  the  most  effective  way  of  accelerating  this 
field  seemed  to  be  to  give  support  to  key  European 
laboratories  which  were  still  having  difficulty  re¬ 
building  after  World  War  II.  It  now  seems  fair 
to  say  that  the  regrowth  and  vigor  of  neurobiology 
in  Europe  has  been  significantly  affected  by 
AFOSR's  program  and  has  led  to  a  fuller  ex¬ 
change  with  American  scientists  both  through 
travel  and  exchange  of  scientific  workers.  Studies 
in  neurobiology  are  now  showing  close  support  of 
relevance  to  Air  Force  and  NASA  technologies. 
Some  of  the  areas  involved  are:  Sleep;  brain 
waves  as  indicators  of  states  of  alertness;  sensory 
physiology  of  vision  and  olfaction;  nature  of 
membranes;  endocrine  studies  relevant  to  toxi- 
cology ;  tolerance  to  stress,  and  to  behavior.  Other 
areas,  such  as  photosynthesis,  biochemistry,  im¬ 


munology,  and  molecular  biology  are  on  the 
borders  of  current  military  interests  in  explora¬ 
tory  developments  and  may  well  find  direct  appli¬ 
cations  within  the  next  decade. 

The  orientation  of  a  significant  portion  of  the 
biological  program  to  studies  relevant  to  problems 
of  living  in  the  tropics  and  other  stressful  environ¬ 
ments  is  now  underway.  Now  that  research  in  the 
biomedical  sciences  has  expanded  so  greatly  in  the 
last  decade,  it  becomes  even  more  important  for* 
AFOSR  to  look  critically  on  how  ita  small  pro¬ 
gram  (about  $1.7  million)  can  have  the  maximum 
impact  on  research  problems  that  are  of  Air 
Force  interest  and  which  need  special  emphasis. 
In  view  of  the  military  strategic  situation,  it 
seems  clear  that  problems  of  limited  warfare 
are  likely  to  be  of  continuing  importance.  The 
reorientation  toward  problems  in  the  tropics 
is  intended  to  contribute  to  these  problems. 
While  a  well  planned  order  of  priorities  is  not  yet 
at  hand,  it  seems  clear  that  problems  of  epidemi¬ 
ology,  and  environmental  physiology  will  rank 
high.  Ecological  studies  of  environments  should  be 
an  important  aspect  of  these  interests,  and  can  have 
meaning  not  only  for  medical  problems  but  nutri¬ 
tional,  economic,  and  sociological  problems  as  well, 
all  of  which  are  now  becoming  a  part  of  the  larger 
problem  of  developing  nations  in  which  limited 
warfare  is  a  potentiality. 

Continuing  studio*  on  the  nervous  system  are 
emphasizing  those  that  help  to  gain  a  comparative 
analysis  of  nervous  mechanisms  underlying  motor 
and  sensory  systems  in  animals.  The  applications 
of  this  knowledge  will  be  in  the  bionics,  and  in 
studies  of  automata  and  control  systems. 

Our  program  has  included  from  ks  beginning 
the  support  of  studies  in  ethology,  a  name  given 
in  Europe  to  the  study  of  animal  behavior  with 
emphasis  on  behavior  in  natural  conditions.  This 
area  is  now  expanding  in  the  United  States  where 
the  approach  is  iindng  application  to  problems  of 
bird-strikes  by  aircraft.  It  is  anticipated  that  such 
studies  can  also  lead  to  significant  findings  useful 
in  the  control  of  animal  vectors  and  reservoirs  of 
diseases. 

The  life  sciences  directorate  will  increasingly 
emphasize  research  of  an  interdisciplinary  charac- 


ter  iu  the  general  ere*  of  the  biological  science- 
behavioral  science  interface. 

The  behavioral  sciences  division  concentrates  its 
effort  on  support  of  basic  research  that  promises  to 
contribute  to  the  solution  of  problems  of  human 
adaption  and  performance  that  arise  from  the 
operational  requirements  imposed  by  Air  Force 
mission  assignments.  Basic  behavioral  research 
findings  provide  the  foundations  upon  which  may 
be  built  technological  developments  to  improve 
personnel  classification;  training;  leadership; 
morale;  communication;  man-machine  systems; 
adaptation  to  exotic  environments;  decision  and 
information  processes;  work  under  stress;  target 
location  and  acquisition ;  teamwork ;  and  manage¬ 
ment  of  large  org*  izations. 

The  disciplines  supporting  this  program  are  ex¬ 
perimental,  physiological,  and  social  psychology ; 
sociology;  political  science;  anthropology;  and 
computer  science. 

Specifically,  research  projects  are  being  sup¬ 
ported  on  complex  decisionmaking;  short-  and 
long-term  memory;  perception  under  adverse  en¬ 
vironmental  conditions:  organizational  effective¬ 
ness;  communication  with  foreign  populations; 
and  behavioral  compensation  for  stressful  situa¬ 
tions. 

Increased  relevance  to  Air  Force  needs  is  being 
achieved  by  concentrating  effort  on  problems  con¬ 
cerned  with  human  inputs  required  for  the  orderly 
development  of  aerospace  capabilities. 


Studies  have  been  and  are  being  conducted  on 

sleep  and  arousal,  and  on  optimal  w  ork-rest  cycles. 
Basic  conditions  of  psychophysiological  adapta¬ 
tion  to  fatigue  and  to  environmental  stress  are  be¬ 
ing  studied. 

The  behavioral  sciences  division  is  responsive  to 
guidance  from  Department  of  Defense  and  Head¬ 
quarters  USAF  os  to  areas  of  need  to  which  basic 
research  can  be  most  relevant  in  current  and  future 
applications  of  findings. 

In  the  areas  of  strategy  and  concept  develop¬ 
ment  there  is  a  growing  need  for  refined  forecasts 
of  future,  military  environments;  for  improving 
planning  processes;  and  for  developing  better 
methods  for  translating  plans  into  functioning 
organizations,  systems,  and  strategies.  Research  in 
these  areas  has  been  undertaken  in  response  to  Hq. 
USAF  guidance.  Particular  emphasis  is  being 
placed  on  studies  appraising  military,  technologi¬ 
cal,  political,  and  economic  factors  in  both  Com¬ 
munist  and  non-Communist  countries.  Such  studies 
include:  Appraisal  of  world  situations  likely 
to  affect  warfare  and  military  strategy  during  the 
next  15  to  20  years;  projected  assessments  of  the 
capacities  of  U.S.  science  and  technology  to  con- 
i  ribute  to  systems  development,  for  future  needs; 
elaboration  of  concepts  for  the  employment  of 
aerospace  forces;  forecast  of  the  long-range  capa¬ 
bility  objectives  of  the  Air  Force  throughout  the 
spectrum  of  support,  threat,  and  conflict;  and 
identification  of  capabilities  inherent  in  the  Air 
Force  for  achieving  nut  ional  objectives. 
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Engineering  Sciences 

I>r.  Milton  M.  SnAwaxr,  Director 

The  directorate  of  engineering  sciences  selects 
and  supports  phenomena-oriented  research  the 
Air  Force  needs  ( 1 )  to  reduce  the  level  of  empiri¬ 
cism  in  the  development  of  both  hardware  and 
software,  (2)  to  extend  the  understanding  of  the 
behavior  of  simple  physical  systems  to  more  com¬ 
plex  physical  systems,  and  (3)  to  discover  or  to 
create  new  principles  and  concepts  to  be  used  as 
building  blocks  for  developing  generic  solutions  to 
engineering  problems. 

The  directorate  consists  of  three  divisions,  elec¬ 
tronics,  mechanics,  and  propulsion. 

Research  in  electronics  is  carried  out  under  the 
joint  services  electronics  program  ( JSEP) ,  under 
which  11  universities  receive  Army-Navy-Air 
Force  support,  and  under  the  smaller  electronics 
program  which  serves  as  a  catalyst  for  aspects  of 
JSEP.  Included  here  are  information,  communica¬ 
tions  and  electronic  engineering  sciences,  in  re¬ 
sponse  to  mission  requirements  of  better  sensing, 
transmitting,  ranging,  receiving,  processing,  in¬ 
formation  display,  and  controlling  of  related 
equipment. 

Studies  are  conducted  in  systems  in  which  the 
individual  electrons  and  photons  play  the  dom¬ 
inant.  role,  including  basic  physics  studies  such  as 
the  measurement  of  critical  opalescence  with  laser 
beams  as  a  test  of  theories  of  phase  transitions,  the 
extent  of  the  equality  of  electron  and  proton 
charge,  relation  between  inverse  Faraday  effect 
and  Raman  scattering,  and  determination  of 
plasma  instabilities  from  the  computer  analysis  of 
particle  trajectories.  Other  areas  are  electromag¬ 
netics,  quantum  electronics,  electro-optics,  electro¬ 
acoustics,  solid  state  electronics,  and  electro¬ 
dynamics. 

Environmental  electronics  involves  theoretical 
and  experimental  investigations  of  phenomena  as¬ 
sociated  with  the  earth,  atmosphere,  ionosphere, 
and  outer  space.  Research  topics  include  an  experi¬ 
mental  determination  of  the  constancy  of  the  New¬ 
tonian  gravitational  constant,  an  experimental 
test  of  the  Freundlieh  cosmological  red-shift  hy¬ 


pothesis,  and  an  experimental  test  of  Einstein's 
curved-spec©  interpretation  of  gravity. 

Two  topics  in  bioelectronics  are  electromechani¬ 
cal  simulation  of  biological  processes  to  improve 
the  biological  specimen’s  capabilities,  and  analog 
analysis  of  biological  subjects  to  enhance  elec¬ 
tronics  design.  Interest  in  and  the  importance  of 
bioelectronics  is  steadily  increasing. 

Communication  sciences  studied  under  this  pro¬ 
gram  include  system  theory,  information  theory, 
control  and  feedback  problems,  network  and  cir¬ 
cuit  considerations,  pattern  recognition,  artificial 
intelligence,  data  processing,  linguistics,  and 
threshold  logic.  The  common  trait  of  these  fields 
is  that  they  may  be  treated  as  a  study  of  the  corre¬ 
spondence  between  two  sets  of  data.  In  this  scheme 
inputs  and  outputs  from  an  unknown  network 
might  be  the  data  sets  so  that  the  notion  is  quite 
general.  Communication  science,  within  this 
framework,  focusses  on  the  general  properties  of 
the  correspondence  and  tliB  attendant  transfer 
functions. 

The  mechanics  division  is  mauily  concerned 
with  the  motion  of  a  body  through  a  medium,  and 
the  laws  relating  this  motion  to  causes  and  effects. 
One  such  area  of  study  is  the  external  and  internal 
flow  phenomena  involved  in  the  design  of  ad¬ 
vanced  low-  and  high-speed  aircraft  missiles  and 
space  vehicles.  These  studies  are  directed  toward 
providing  a  more  thorough  understanding  of  the 
mechanics  of  continuum  fluid  motion.  Included  are 
the  effects  of  temperature,  viscosity,  pressure  gra¬ 
dients,  compressibility,  entropy,  and  gravity  on 
the  fluid  motion.  One  goal  of  this  research  is  bet¬ 
ter  understanding  of  hypersonic  flow  phenomena 
associated  with  slotted  wings  for  potential  hyper¬ 
sonic  high  lift-drag  ratio  wings. 

A  second  major  focus  of  the  mechanics  division 
is  boundary  layer  research.  This  concerns  the  layer 
of  fluid  or  gas  adjacent  to  a  body  moving  through 
a  medium,  and  may  be  thought  of  as  laminar  or  tur¬ 
bulent.  Solutions  to  laminar  flow  can  be  obtained 
for  some  conditions  by  usually  straightforward 
conservation  equations.  In  turbulent  flow,  the 
number  of  variables  outnumbers  the  equations 
now  available.  Other  areas  of  interest  are  the  sta¬ 
bility  of  the  boundary  layer  and  the  time — depend - 
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cnt  displacement  of  the  external  flow  by  the 
boundary  layer  in  hypersonic  flow. 

When  the  motion  and  the  structure  of  the  fluid 
interact,  the  problems  become  those  of  aerophysics. 
In  this  area  AFOSR  has  played  an  important  role 
in  stimulating  and  supporting  much  of  the  under¬ 
standing  underlying  hypersonic  flight,  for  ex¬ 
ample,  and  has  provided  the  bulk  of  the  support 
at  times  in  aerophysics.  Aerophysics  is  the  study 
of  the  mechanisms  of  vibrational  and  rotational 
relaxation,  of  dissociation  and  ionization,  of  radia¬ 
tion  of  energy,  and  a  determination  of  the  rele¬ 
vant  relaxation  times.  These  effects  bear  on  ob¬ 
servable  properties  of  fluid  flow,  such  as  shock 
wave  thickness,  and  are  studied  by  both  the  fluid 
dynamicist  and  the  physicist.  Here  also  arc  fo'ind 
chemists  and  aerodynamicists  using  flow  phenom¬ 
ena  to  identify  complex  and  intermediate  reac¬ 
tions,  and  using  this  knowledge  to  compute  flows 
in  nozzles,  through  shocks  and  around  bodies. 

There  are  important  areas  of  fluid  mechanics 
where  the  particulate  structure  of  the  fluid  must 
be  recognized  in  any  technologically  helpful  theory 
of  its  behavior.  The  aerodynamics  of  flight  at  alti¬ 
tudes  above  5C  miles  and  the  behavior  of  instru¬ 
ments  for  measuring  airspeed  and  ambient  pres¬ 
sure  at  such  altitudes  are  examples  which  are  im¬ 
portant  from  an  Air  Force  point  of  view.  At  such 
altitudes  the  distance  traveled  by  molecules  be¬ 
tween  collisions  is  comparable  in  size  to  some  of 
the  aerodynamic  features  of  the  vehicle,  with  the 
result  that  events  on  the  molecular  scale  ause 
the  flow  to  deviate  significantly  from  the  jonti- 
nuum  behavior.  For  these  reasons  a  portion  of  the 
program  is  comprised  of  research  on  the  mechanics 
of  intermolecular  collisions,  the  mechanics  of  colli¬ 
sions  between  molecules  and  solid  surfaces,  and  on 
the  analytical  techniques  required  for  the  predic¬ 
tion  of  flows  dominated  by  these  events. 

Structural  mechanics  is  concerned  with  the 
static  and  dynamic  behavior  of  structural  com¬ 
ponents  of  Vehicles  under  varying  aerothermo- 
dynamic  conditions  in  flight.  AFOSR  research  is 
providing  new  and  improved  theoretical  methods 
of  analysis  of  stresses,  deformations,  and  stability 
of  structures.  Also  of  interest  are  problems  in  the 
areas  of  dynamic  stability,  vibrations  of  structures, 
the  rTect  of  random  vibrations,  aeroelastieity, 
wave  propagation,  and  fatigue.  Great  advantages 
are  to  be  gained  particularly  from  better  under¬ 
standing  of  l!  «  fatigue  mechanism  leading  to  im¬ 
proved  designs  or  improved  nondestructive  means 


for  detection  and  measurement  of  the  progress  of 
fatigue  damage  in  metals.  The  program  also  con¬ 
siders  the  mechanical  response  of  structural  mate¬ 
rials  to  environmental  conditions  and  includes  the 
fundamental  understanding  of  materials  derived 
from  subjecting  them  to  low  pressure,  high-speed 
impact,  temperature  extremes,  different  gaseous 
environments,  and  triaxial  stress  under  high 
pressure. 

The  propulsion  division  supports  research  in 
the  detailed  mechanisms,  physical  and  chemical 
processes  of  release,  transformation  and  transport 
of  energy.  Included  are  the  interrelated  effects  of 
combustion  fluid  dynamics,  magnetohydrodynam¬ 
ics  and  heat  transfer  phenomena  in  gas,  liquid,  and 
solid  and  hybrid  systems.  Research  efforts  in  this 
program  have  a  direct  relation  to  air-breathing, 
liquid,  solid,  and  hybrid  roeket.  combustion,  and 
mngentoplasmadynamics  related  to  release  of  en- 
ergy  by  nuclear  fusion,  generators  of  electric  power 
and  mechanical  thrust. 

AFOSR  has  also  provided  important  portions  of 
the  research  in  the  area  of  supersonic  combustion, 
both  detonative  and  diffusional,  rocket  combustion 
instability  phenomena,  plasma  acceleration,  mag¬ 
net  oplasmadynamic  power  generation,  and  in  high 
temperature  plasma  behavior. 

Fundamental  studies  r.re  selected  for  the  ex¬ 
ploration  of  molecular  and  atomic  sources  of 
energy  so  as  to  provide  new  information  leading  to 
increased  Air  Force  capability  in  chemical  propul¬ 
sion.  Investigations  of  thermophysical  properties 
provide  precise  data  on  the  structure,  spectra, 
thermodynamic,  and  transport  properties  of  se¬ 
lected  molecules  that  form  the  reactants  or  com¬ 
bustion  products  of  present  and  future  chemical 
propellants.  Chemical  kinetics  concerns  the  rates 
and  mechanisms  of  reactions  involving  light  ener¬ 
getic  molecules,  to  understand  processes  taking 
plare  in  the  combusion  of  chemical  rocket  pro¬ 
pellants. 

About  40  percent  of  the  propulsion  division  pro¬ 
gram  is  devoted  to  research  on  problems  associated 
with  interaction  of  plasmas  with  electromagnetic 
fields.  The  program  is  oriented  toward  generic 
phenomena  found  in  efforts  to  build  a  sound  basis 
for  exploratory  development  of  controlled  thermo¬ 
nuclear  reactors,  MHD  electric  power  generators, 
and  plasma  accelerators.  This  research  area  is  di¬ 
vided  for  administrative  purposes  into  high  tem¬ 
perature  plasmas;  low  temperature,  low  density 
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plurais;  and  high  density  partially  ionized  plas¬ 
mas.  The  general  problems  that  occur  in  almost 
every  case  are  related  to  the  description  and  under¬ 
standing  of  instabilities,  conductivity,  collision 
probabilities,  charge  exchange,  and  other  physical 
properties.  In  addition  to  this,  research  is  being 
conducted  on  the  parameters  describing  laminar 
and  turbulent  flow  of  plasmas. 

This  research  program  is  designed  to  cover  the 
most  important  problems  in  magnetoplasmadyna- 
mica. 


Research  concerned  with  the  thermodynamic 
properties  of  chemical  species  is  important  for 
solid  rocket  propulsion  and  is  studied  from  both 
a  theoretical  and  experimental  viewpoint.  Combus¬ 
tion  dynamics  of  solids  involves  the  studies  of  the 
complex  processes  taking  place  in  the  combustion 
of  solid  propellants,  the  understanding  of  which 
is  essential  for  rational  approaches  to  propellant 
formulation  and  rocket  design.  One  of  the  par¬ 
ticular  approaches  most  studied  under  this  project 
is  that  of  acoustic,  or  resonant  instability. 
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Information  Sciences 

Dr.  Harold  A.  Woogtm,  Director 

and  Rowena  W.  SwAXsoif,  Project  Scientist 

The  information  sciences  try  to  apply  the  scien¬ 
tific  method  of  inquiry  to  an  understanding  of  all 
the  factors  that  go  to  make  up  paths.  Perhaps  the 
most  obscure  is  the  one  man  lias  spent  the  most 
time  on — the  one  concerned  with  an  understand¬ 
ing  of  himself,  how  he  thinks,  how  he  comes  to 
understand,  how  he  learns,  what  he  wants  his  goal 
to  be,  and  why.  Perhaps  the  least  obscure  is  the 
comparatively  new  route  being  paved  by  ni'xiem 
technology.  Man  has  harnessed  the  computer  and 
many  other  machines,  complex  concatenations  of 
many  components,  to  sense  and  process  signals 
that  he  knows  about  but  cannot  see  or  hear  or 
touch. 

Information  science  may  he  this  generation's 
contribution  to  science.  It  is  invading  this  dis¬ 
cipline  and  that,  extracting  an  idea  here  and  an 
equation  there,  and  it  is  beginning  to  weave  the 
pieces  into  a  pattern.  It  is  beginning  to  show  fea¬ 
tures  dealing  with  the  acquisition  and  coding  of 
information,  the  communication  process,  and  re¬ 
call  of  information,  and  how  information  is  and 
can  be  used. 

The  selection  of  areas  and  projects  for  funding 
is  a  product  of  many  factors.  The  directorate  has 
turned  its  attention  tc  studies  in  depth  of  some 
of  the  fundamental  principles  that  must  be  ex¬ 
plored  and  understood  to  advance  basic  concepts 
of  information  representation  and  processing.  At 
this  stage  in  the  evolution  of  the  information 
sciences,  these  studies  fortuitously  are  often  efforts 
of  one  person  or  small  teams.  Though  this  is  a 
familiar  fiat  tern  in  science,  it  must  he  remembered 
that  this  is  but  one  pattern  in  science. 

Emphasis  in  the  late  l!>,V)’s  with  a  much  smaller 
budget  was  on  such  library-oriented  topics  as 
indexing  and  classification  and  the  applicability 
of  machines  to  infomin'ion  center  operations. 
Gradual  shift  to  the  present  program  lias  resulted 
as  much  from  an  awareness  of  engineers,  psysiolo- 
gists,  physicists,  psychologists,  mathematicians, 
linguists,  and  philosophers  that  they  were  dealing 


with  information  science  problems  as  it  did  from 
an  awareness  of  the  directorate  that  problems  in 
many  disciplines  are  basically  information  prob¬ 
lems.  The  tasks  within  the  program  are :  ( 1 )  infor¬ 
mation  systems  research,  (2)  information  identi¬ 
fication  and  classification,  (3)  transmission  of 
information,  (4)  adaptive  and  self-organizing 
systems.  <  S)  language  and  linguistics  research,  and 
(6)  theoretical  foundations  of  information  sciences 

These  tasks  do  not  encompass  nil  of  the  informa¬ 
tion  sciences,  nor  could  they  form  the  given  budget. 
.Several  major  areas  excluded  concern  studies  of 
materials,  hardware  components  and  assemblies, 
structure  and  behavior  of  biological  systems,  and 
large-scale  mnn-machine  and  time  sharing  inter¬ 
actions.  Most  of  the  excluded  areas  are  included 
in  other  AFOSR  and  DOD  programs. 

A  further  remark  my  be  appropriate  with 
respect  to  inclusion  and  exclusion.  Given  $1  million 
and  a  mission— for  the  directorate,  to  help  assure 
the  timely  impact  of  information  science  on  the 
future  operational  Air  Force — selections  have 
been  made  which  are  identified  with  technological 
problems  of  Air  Force  interest. 


Information  tytfmt  rataarth 

Information  systems  research  looks  at  the  struc¬ 
ture  and  operation  of  entire  systems  or  of  units 
within  a  system  viewed  in  the  framework  of  the 
entire  system.  Efficiency  and  effectiveness  of  meth¬ 
ods  and  tools  for  the  input,  throughput,  dissemina¬ 
tion,  and  use  of  information  are  principal  topics 
for  investigation. 

Information  systems  abound.  They  are  used  for 
document  control,  datn  control,  logistics,  manage¬ 
ment  and  command,  and  intelligence  within  mili¬ 
tary  and  civilian  contexts.  Many  existing  systems 
are  based  on  ad  hoc  planning  at  d  have  suffered 
explosive,  unanticipated  growth.  Frequently 
mechanization  or  other  changes  have  been  intro¬ 
duced  to  alleviate  some  information  processing 
difficulties,  hut  the  effects  are  usually  far  from 
optimal. 

Questions  must  be  asked  about  systems  in  the 
abstract.  What  are  possible  information  flow  pat¬ 
terns?  With  what  configurations  of  men  and 
machines  can  each  he  achieved?  What  is  the  match 


76 


between  pattern  and  purpose  of  the  system?  What 
effect  docs  the  environment  have  on  the  system? 
Who  feeds  the  system?  Who  uses  it?  WTho  could 
feed  it  or  use  it  ?  What  are  the  tradeoffs  for  a  given 
system  for  a  given  purpose  ? 

Questions  must  be  asked  about  existing  systems. 
Existing  structures  and  operations  must  be  quan¬ 
titatively  and  realistically  analyzed.  The  effects  of 
perturbations  must  be  examined  in  the  abstract 
and  tested  in  simulations  and  in  ongoing  opera¬ 
tions.  Live  data  under  perturbations  are  invalu¬ 
able  but  difficult  to  obtain. 

Systems  research  is  slow-producing  research. 
There  are  many  variables,  and  they  are  difficult  to 
isolate,  control,  and  test.  They  pertain  to  the  be¬ 
havior  of  men  as  well  as  to  machines.  They  must, 
however,  be  studied,  which  means  that  ways  must 
be  found  for  studying  them. 

Information  MinlMciitfon  and  Classification 

The  problem  of  selecting  appropriate  descrip¬ 
tors  of  information  and  organizing  them  into  a 
structure  was  originally  thought  of  as  a  library 
problem.  I;  is  still  n  crucial  problem  of  informa¬ 
tion  service  activities  handling  the  technical  docu¬ 
ment  literature.  Conventional  library  classifica¬ 
tion  schemes  are  not  readily  amenable  to  frequent 
and  major  modifications  of  narrow  subject  areas 
which  must  be  accessed  in  specificity  and  depth  as 
research  expands  knowledge  of  them.  Conven¬ 
tional  library  indexing  practices  can  similarly  not 
readily  accommodate  to  current  requirements  for 
many  terminological  access  points  to  the  subject 
content  of  documents. 

The  problem  of  identification  and  classification 
hats,  however,  been  aggravated  by  a  technology 
that  lias  produced  computers  and  sensors.  Machines 
that  can  read  printed  and  handwritten  characters 
and  can  look  at  maps  and  photographs  need 
instructions  to  tell  them  how  to  recognize  a  pat¬ 
tern  and  how  to  differentiate  one  pattern  from 
another.  This  raises  the  question  of  how  to  describe 
a  pattern.  Wlmt  are  the  information-bearing 
parameters  in  a  line  drawing,  in  a  letter  of  the 
alphabet,  in  an  aerial  photograph?  Are  the  bits 
that  are  significant  to  a  human  significant  to  a 
machine?  Can  rules  or  algorithms  be  developed 
than  can  give  machines  the  intelligence  to  identify 
l>attems  they  haven’t  seen  before  and  to  separate 
signals  from  noise  ? 

Projects  concerned  with  both  categories  of  prob¬ 


lems  pertaining  to  classification  are  included  in 
this  task.  Descriptor  structures  for  document  sys¬ 
tems  are  frequently  related  to  other  aspects  of 
total  system  organization  and  operation.  As 
methods  are  perfected  for  mechanizing  useful  in¬ 
dexing  procedures,  new  approaches  to  input, 
search  and  retrieval  can  be  explored  and  incorpo¬ 
rated  in  systems.  Work  with  natural  language 
may  also  lead  to  abstractions  pertaining  to  syn¬ 
tactic  and  sematic  structures  in  language.  Rules 
that  characterize  the  process  must  describe  pro¬ 
cedures  by  which  machines  can  learn  from  expe¬ 
rience  and  can  adjust  or  adapt  to  new  inputs.  How 
patterns  are  coded  also  bears  on  information  con¬ 
tent  and  information  loss  in  their  transmission. 

The  possibility  exists  that  models  for  charac¬ 
terizing  patterns  will  alai  dcscrilte  concepts  rep¬ 
resented  by  clusters  of  word  descriptors. 

Tranimitiion  of  information 

Many  mechanisms  exist  by  which  information 
is  transmitted.  A  simple  organism  can  have  a 
multiplicity  of  sensors  for  orientation  in  and 
adaption  to  its  environment.  Man  has  mechanisms 
within  mechanisms  compounded  by  his  higher 
animal  abilities  of  perception,  awareness,  and 
thought.  Physical  systems  display  order,  a  balanc 
ing  of  cause  and  effect,  and  adaption  that  suggest 
other  mechanisms. 

Living  systems  present  a  challenge  to  man’s 
understanding  of  information  processing.  In 
packages  smaller  than  he  can  fabricate,  complex 
processes  occur  that  he  cannot  yet  model-  What 
are  the  algorithms  for  seeing,  for  hearing,  for 
remembering,  for  forgetting,  for  integrating  one 
bit  of  information  with  another,  for  making  quan¬ 
tum  jumps  in  thought  that  lead  to  creative  synthe¬ 
sis?  How  are  impulses  sensed,  sorted,  coded,  trans¬ 
mitted,  stored,  recalled,  evaluated  ?  How  are  judg¬ 
ments  made  and  decisions  reached?  How  do 
organisms  communicate  with  each  other,  and,  in 
particular,  how  effectively  does  man  communicate 
with  man?  Inquire  into  information  transmission 
mechanisms  ranges  from  studies  of  interactions  at 
the  stthoellular  level  to  those  among  men  and  be¬ 
tween  men  and  machines. 

This  task  principally  sponsors  connecting 
research.  However,  other  sponsors  are  not  neces¬ 
sarily  concerned  wit  It  information  science  objec¬ 
tives  that  seek  isolation  of  information-bearing 
parameters,  models  of  information  processing 
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mechanises,  and  techniques  for  improving  com¬ 
munication  processes.  Since  the  range  is  broad  and 
the  budget  is  small,  only  a  few  projects  can  be 
supported.  They  highlight  the  difficulties  that 
are  inherent  in  attaining  information  science 
objectives. 

Adaptive  and  telf-organitlng  tytftmt 

Man,  the  information  processor,  intrigues  man, 
the  ciicuit  designer,  and  man,  the  model  builder. 
Man’s  nervous  systems  is  a  fascinating  structure, 
its  operation  a  subject  for  conjecture.  Some  of 
man’s  sensory  systems,  his  eye,  his  ear,  are  better 
understood  and  offer  existence  proofs  to  the  engi¬ 
neer.  Beyond  what  man  can  see  are  processes  he 
calls  perception,  consciousness,  and  thought.  Will 
he  be  able  to  find  neural  networks  or  molecules 
he  can  associate  with  these  processes  ?  Where  and 
how  is  experience  stored  to  provide  for  memory 
and  recall? 

Man  and  lower  living  systems  embody  principles 
of  structure  and  performance  which  far  surpass 
equations  that  he  has  been  able  to  formulate  and 
hardware  he.  has  been  able  to  build.  Man  has 
repeatedly  built,  machines  exceeding  liis  own  phys¬ 
ical  capabilities.  Rut,  except  to  minor  degrees,  he 
has  not  yet  built,  devices  lie  can  work  with  as 
extensions  of  himself  in  the  way  that  he  can  work 
with  other  men.  He  has  not  built  machines  he.  can 
send  into  hostile  and  adverse  environments  that 
can  report  back  to  him  selectively  and  reliably  the 
information  he  would  want  to  know.  He  has  built 
machines  which  record  vast  quantities  of  data 
about  the  physical  universe,  yet  few  machines  can 
distinguish  the  significant  bits  from  the  rest. 

In  infomiation  science  terms,  research  to  under¬ 
stand  and  model  the  dynamic  processes  of  living 
systems  is  variously  termed  artificial  intelligence, 
the  field  of  adaptive  and  self-organizing  systems, 
and  when  the  construction  of  hardware  is  in¬ 
volved,  bionics.  The  term  cybernetics  is  sometimes 
used,  because  these  systems  incorporate  control 
and  feedback  mechanisms  that  adjust  their  per¬ 
formance  toward  specific  goals. 

Research  on  adaptive  systems  may  produce 
spectacular  results  over  the  short  range,  but  such 
results  can  only  be  a  first  and  gross  approximation 
to  what  the  long  range  holds.  The  mechanical  eye 
or  hand,  the  computer  that  voices  the  words 
‘'Bravo.'”  or  “Come  again the  tracker  that  finds 
a  target  embedded  in  noise  go  part  of  the  way. 


Mechanical  devices  with  more  and  higher  leved 
features  of  human  intelligence  and  adaption  could 
teach  and  train  man.  Machines  might  not  only 
help  accelerate  learning,  but  could  also  be  used  to 
stimulate  and  enhance  man’s  inventiveness  and 
creativity  if  more  were  known  about  his  memory 
and  thought  processes.  The  equations  by  which 
man  discriminates,  makes  decisions,  integrates  dis¬ 
joint  bits  into  a  whole  greater  than  the  sum  of  its 
parts  can  be  successively  approximated.  It  would 
be  shortsightedness,  however,  to  consider  fh<,t 
approximations  as  more  than  precisely  that. 

Engineers,  mathematicians,  and  perhaps  admin¬ 
istrators,  tend  to  get  carried  away  with  the  poten¬ 
tial  prospects  of  the  intelligent  machine.  It  is 
error  to  ignore  data  bases.  The  neurophysiologist 
knows  something  about  the  nervous  system,  but  he 
has  a  lot  more  to  discover.  The  psychiatrist  and 
psychologist  know  something  about  behavior,  but 
only  a  little  something.  The  molecular  biologist 
knows  compound  composition  and  structure,  but 
what  is  the  explanation  for  memory?  Optimum 
results  over  the  long  range  can  only  come  from 
close  cooperation  across  the  runge  of  disciplines 
that  contribute  pieces  to  the  puzzle.  The  generalist 
and  the  specialist  are  both  needed  in  the  various 
fields,  nnd  they  must  be  able  to  exchange,  ideas. 
Science  is  becoming  one  again  as  it  simultaneously 
increases  in  specialization. 

Language  and  llnguhtle*  re teorch 

Language  consists  of  groups  of  symbols 
arranged  according  to  a  set  of  rules.  Viewed  this 
way,  “language"  includes  both  the  languages  peo¬ 
ple  speak  and  all  synthetic  symbol  systems.  So 
language  is  viewed  in  this  task. 

Language  is  a  tool.  It  is  a  device  for  representa¬ 
tion.  Information  science  is  concerned  with  its  use 
for  representing  concepts,  relationships  among 
concepts,  models  for  automata,  and  instructions 
for  processing  devices. 

Natural  language  has  proved  tractable,  with 
difficulty.  Structure  or  syntax  has  been  amenable 
to  modeling,  but  the  number  of  grammatically 
correct  sentences  that  can  be  meaningless  is  for 
practical  purposes,  indefinite.  Major  emphasis  is 
now  on  semantics,  to  elicit  rules  for  recognizing 
meaning  and  generating  meaningful  sentences.  Re¬ 
search  on  natural  language  was  originally  spon¬ 
sored  (not  by  AFOSR)  to  develop  procedures  for 
machine  translation.  Machine  production  of  trans- 
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lations,  indexes,  and  abstracts,  and  other  machine 
manipulations  of  natural  language  text  are  re¬ 
quirements  if  achievable,  because  man’s  capacity 
to  assimilate  bits  of  information  is  limited.  As 
document  volume  increases,  automatic  methods 
that  intelligently  select  the  significant  bits  appear 
mandatory  for  efficient  handling  of  information. 
Results  are  slow  in  coming  because  the  data  is 
large,  large-scale  projects  are  expensive,  and  per¬ 
haps  creative  ideas  are  few. 

Work  on  synthetic  or  artificial  languages  can 
be  roughly  subdivided  into  work  on  machine  and 
programing  languages  and  work  on  languages  for 
representing  concepts  and  procedures  simulating 
intelligent  processes.  The  directorate  program  has 
not  included  much  programing  language  research. 
An  area  of  directorate  interest  is  in  translators  and 
compilers  which  make  machines  accessible  to  non- 
programer  scientist  and  manager  U9ers. 

Language  for  game  playing  and  theorem  prov¬ 
ing  suggest  approaches  to  the  representation  and 
association  of  concepts  that  may  be  approxima¬ 
tions  to  characterizing  thought  processes.  Consid¬ 
erable  progress  has  been  made,  some  under 
AFOSR  sponsorship,  on  languages  for  problem 
solving  procedures.  Enough  may  now  be  known 
about  some  languages  for  automata  to  permit  gen¬ 
eralizations  on  useful  procedures  that  can  be  ac¬ 
complished  on  computers. 

Theoretical  Foundations  of  Information  Sciences 

Most  of  the  studies  in  this  task  concern  develop¬ 
ments  in  symbolic  logic.  We  were  not  thinking  of 
the  new  mathematics  called  for  by  von  Neumann 
to  describe  intelligent  activities  when  we  estab 
lished  the  task.  Our  sponsored  projects  in  multi¬ 


valued  logics  increasingly  suggest  this  as  a  possible 
route.  Since  the  McCulloch-Pitts  logical  calculus 
of  1943,  procedures  have  been  sought  for  express¬ 
ing  such  “ideas  immanent  in  nervous  activity”  as 
learning  and  recognition  and  the  ability  of  auto¬ 
mata  to  function  reliably  under  duress,  with  un¬ 
reliable  components,  and  with  incomplete  informa¬ 
tion.  Space  flight  and  hostile  environments  now 
impose  requirements  on  logical  elements  of  adap¬ 
tion  and  9elf-repair. 

Automata  theory  is  another  route  for  building 
intelligent  systems.  The  use  of  algebraic  methods 
to  describe  the  language  and  behavior  of  automata 
may  lead  to  machines  that  are  both  fundamental 
and  behaviorist.ically  simple.  Combinatorial  alge¬ 
bras  may  give  useful  models  for  information  re¬ 
trieval  systems.  Techniques  for  simplifying  proof 
procedures  offer  possibilities  of  eliminating  ex¬ 
haustive  enumerations  that  arc  time  consuming 
and  can  exceed  machine  capacities.  Questions  con¬ 
cerning  algorithmic  unsolvability  and  other  prob¬ 
lems  in  recursive  function  theory  (the  theory  of 
computrbility)  are  amplifying  notions  of  con¬ 
st  ructibility,  decidability,  consistency,  and  com¬ 
pleteness. 

The  logic  models  supply  formal  approaches  that 
can  be  applied  to  problems  in  the  structuring  and 
processing  of  information  and  language.  The  pre¬ 
cise  descriptions  of  automata  are  models  of  realiz¬ 
able  networks  and  define  bounds  on  their  perfor¬ 
mance.  Automata  are  beginning  to  be  assessed  for 
the  solution  of  natural  language  problems.  How¬ 
ever,  it  is  expected  that  applications  to  informa¬ 
tion  problems  will  await  further  examination  of 
such  questions  as  complexity,  equivalence,  and  the 
behavior  of  automata  with  and  without  restric¬ 
tions  on  time  and  space. 
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Relating  the  Accomplishments 
of  AFOSR  to  the  Needs 
of  the  Air  Force 

Dr.  William  J.  Price,  Executive  Director 

William  G.  Ashley,  Physical  Sciences  Ad¬ 
ministrator,  OAR 

Maj.  Joseph  P.  Martino,  Assistant  Executive 
Director  for  Restarch  Communication 

Recently  AFOSR  conducted  a  survey  designed 
to  trace  the  utilization  of  scientific  research  coming 
from  the  Air  Force  Office  of  Scientific  Research 
program.  The  results  of  this  survey  are  of  broad 
interest  in  that  they  help  develop  a  model  *  of 
interaction  bet.w<-en  science  and  technology,  a  mat¬ 
ter  of  great  importance  in  the  transfer  of  technical 
information.  Equally  significant,  these  results  help 
underline  the  key  role  which  a  science-oriented 
activity  can  play  in  support  of  a  technology- 
dependent,  niission-orh  di  parent  organization 
(/,  i)  and  at  the  same  c  *i»ic  they  provide  further 
insight  to  AFOSR  and  other  managers  seeking  to 
optimize  the  effectiveness  of  this  type  of  research 
program. 

G antral  Accomplishment*  of  A>OS* 

It  is  generally  recognized  that  the  A  I  'OSR  pro¬ 
gram  hss  been  successful  over  the  years  in  helping 
provide  the  broad  scientific  base,  as  well  as  the 
scientific  and  technical  manpower,  needed  by  the 
Air  Force.  For  example,  we  have  always  had  a 
high  degree  of  payoff  on  our  research  investment 
measured  in  terms  of  the  quality  and  quantity  of 
the  research  results  coming  from  the  AFOSR  sup¬ 
port.  A  bibliography  of  these  results,  including  ab- 
straets  of  the  articles  and  reports,  is  published  by 
AFOSR  (J).  A  close  examination  of  these  pub¬ 
lications  shows  that  this  AFOSR  accomplishment 
alone  demonstrates  very  good  value  received  for 
the  money  expended. 

The  scientific  importance  of  the  work  which 
AFOSR  has  supported  can  be  established  in  vari- 
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ous  ways  such  as  by  noting  the  number  of  AFOSB- 
supported  researchers  who  have  been  r.mong  the 
leaders  in  the  continually  emerging  important 
fields  of  science.  The  quality  of  the  work,  as  well 
as  the  AFOSR  role  as  an  alternate  source  of  funds 
for  creative  scientific  programs,  can  also  be  ap¬ 
preciated  by  some  statistics  on  our  own  proposal 
activity.  We  suppoit  only  those  proposals  which 
pass  vigorous  screening  for  scientific  importance, 
competence  of  the  investigators,  and  potential  im¬ 
portance  to  defense.  We  receive  many  thousands 
of  informal  proposals  each  year.  Currently  each 
year  about  2,500  of  this  much  larger  group  of  in¬ 
formal  proposals  become  formal  proposals  and 
only  less  ihan  500  are  finally  supported. 

AFOSR  is  also  playing  a  significant  role  in 
technical  education.  At  any  given  time  our  re¬ 
search  program  is  providing  at  least  partial  sup¬ 
port  for  the  doctoral  research  of  more  than  1,000 
graduate  students.  The  overall  importance  of  this 
support  is  quite  substantial  hut  hard  to  measure; 
however,  it  can  he  appreciated  by  recognizing  that 
these  students  are  among  the  top  strata  of  the  Na¬ 
tion’s  graduate  students  and  they  nre  receiving 
their  education  in  areas  particularly  relevent  to 
the  DOD.  This  can  be  illustrated  by  the  following 
example.  A  recent  short  course  on  the  “Status  of 
Modem  Control  Systems  Theory"  at  UCLA 
utilized  a  total  of  10  guest  lecturers  who  presented 
specific  topics  to  the  class.  Of  these  10,  four  had 
received  their  Ph.  D.  degrees  as  a  result  of  AFOSR 
support,  one  had  received  direct  support  from 
AFOSR,  and  an  additional  three  had  received  both 
Ph.  D.  and  postdoctoral  support  from  AFOSR 
grants.  The  two  remaining  had  received  support 
from  other  Air  Force  agencies.  Much  of  the  mate¬ 
rial  presented  bv  these  lecturers  was  based  on  the 
results  they  had  obtained  tinder  AFOSR  sponsor¬ 
ship  (4). 

Thus  the  impact  of  the  AFOSR  research  sup¬ 
port  on  scientific  research  and  education  is  gen¬ 
erally  recognized.  However,  it  is  realized  too 
seldom  that  the  Air  Force  is  benefited  directly  by 
this  admittedly  science-oriented  activity,  both  be¬ 
cause  the  talents  of  very  capable  scientists  are 
brought  to  bear  on  scientific  fields  holding  par¬ 
ticular  promise  to  the  Air  Force,  and  what  is  per¬ 
haps  just  as  important,  the  Air  Force  support  of 
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•dentists  provides  these  persons  channels  by  which 
they  can  contribute  more  directly  to  the  defense  of 
the  country  through  consulting  and  similar 
activities. 

Mare  Direct  Benefit*  fo  the  Air  Fares 

AFOSR  has  played  a  primary  role  in  colonizing 
many  scientific  fields  that  are  very  important  to 
the  Air  Force.  Some  of  these  fields  are: 

Turbulent  boundary  layer  research. 

Blunt  body  hypersonic  flow, 

Hypersonic  laboratory  simulation. 

Plasma  dynamics. 

Shock-tube  techniques. 

Combustion  research  on  high  energy  fuels  and 
oxidants. 

Combustion  instability. 

Supersonic  combustion. 

Structural  materials  for  high  temperature  and 
other  reactive  environments. 

Mass  transfer  cooling. 

Magnetohydrodynamic  energy  conversion. 
Electric  propulsion. 

Interactions  of  ultrasonic  waves  in  metals. 
High-temperature  arc  research. 

Rarefied  gas  flow. 

Fluid  physics. 

Cosmic  ray  physics. 

Seismology. 

Masers  and  lasers. 

Crystal  growth. 

Compound  semiconductors. 

Superconduct  i  v  ity . 

High  magnetic  field  research. 

Very  low  temperature  physics. 

Cryogenic  pumping. 

Magnetic  resonance  spectroscopy. 

Millimeter  and  submillimeter  spectroscopy. 
Ultrasoft  X  ray  spectroscopy. 

Microwave  spectroscopy. 

Field  ion  emission  microscopy. 


Quasi-optics. 

Collisional  phenomena  in  ionized  gas. 
Quantum  electrodynamics. 

Statistical  mechanical  studies  of  microscopic 
materials. 

Materials  studies  by  application  of  EPR, 
NMR,  and  Mossbauer  effect. 

Matrix  isolation  techniques. 

Precipitation  Hardening. 

High-temperature  X-ray  techniques. 

Structure  of  polymers. 

High-temperature  chemistry. 

High-pressure  chemistry. 

Cher  list  ry  of  the  upper  atmosphere. 

Ladder-type  polymers. 

Chemical  kinetics. 

Energy  transfer  phenomena  in  molecules. 
Rapid  scan  infrared  spectroscopy. 

Chemistry  of  photographic  processes. 

Structure  of  liquids. 

Orbital  and  celestial  mechanics. 

Nonlinear  dynamical  systems. 

Nonlinear  partial  differential  equations. 

Automata  theory. 

Probability  theory  and  mathematical  sta¬ 
tistics. 

Optimum  control  theory. 

Sampled-data  control  systems. 

Statistical  filtering  theory. 

Theory  and  application  of  digital  filtering. 
Nonlinear  circuit  theory. 

Computer  design  of  electric  networks. 
Pattern  recognition. 

Statistical  approach  to  information  theory. 
Man-machine  interfaces. 

Information  retrieval. 

Error  correcting  codes  in  information  theory. 
Cybernetics  and  information  theory. 
Computer  languages. 

Biological  lens  studies  including  compound 
eyes. 

Research  in  instructional  technology. 
Simulations  of  internat  ional  relations. 


Bote  of  RNA  in  memory. 

Visual  perception. 

Prisoner  of  war  stress  research. 

Biological  rhythm. 

Qas  chromatography  for  identification  of 

bacteria. 

Nervous  and  sensory  physiology. 
Performances  of  organizations  under  stress. 

Since  these  accomplishments  are  documented 
elsewhere  (.£-£4)  and  are  not  the  primary  con¬ 
sideration  in  this  paper,  they  will  not  be  reviewed 
here.  Illustrations  of  these  activities  include: 

Probability  and  statistics,  to  which 
AFOSR  programs  have  made  outstanding 
contributions,  not  only  to  better  understand¬ 
ing  of  these  fields,  but  also  to  such  Air  Force 
interests  os  communication  theory,  decision 
theory,  war  gaming,  reliability  theory,  and 
meteorological  forecasting  (4,  5). 

Improved  education  and  training  methods 
research.  An  AFOSR-sponsored  conference 
in  1958,  and  publication  of  the  proceedings 
(6),  provided  the  impetus  for  subsequent 
rapid  progress  in  the  field.  These  and  other 
AFOSR  activities  have  had  very  significant 
impact  on  teaching  machines  development 
and  on  military  educat  ion  and  training  tech¬ 
niques  in  general. 

Fait  chemical  reaction  research.  Important 
■r.creutes  in  understanding,  including  the 
development  of  a  greatly  improved  rapid  scan 
spectrometer  for  the  infrared  region,  have 
not  only  opened  up  important  new  areas  for 
fuller  knowledge  of  many  fast-chemical  re¬ 
actions  but  have  also  led  to  the  exciting 
development  of  chemical  lasers  (7)  and  new 
space  flight  instrumentation. 

Visual  perception  by  moving  observers. 
Studies  stimulated  by  AFOSR  have  led  to 
important  productive  research  activities  in  a 
previously  neglected  area.  Through  study  of 
perceptual  functions  in  dynamic  situations, 
including  reduced  or  distorted  perceptual 
cues,  important  human  capabilities  and  limi¬ 
tations  can  be  identified  (S). 

Seismology  research.  Technically  managed 
by  AFOSR  and  funded  by  ARPA,  this  pro¬ 
gram  has  colonized  research  in  this  area  of 
vital  importance  to  solid  earth  geophysics. 
Tf.  is  research  1  'rovided  many  unique  and 


significant  contributions  in  instrumentation 
and  techniques  for  studying  and  am '/zing 
seismic  sources,  for  discriminating  between 
natural  events  such  as  earthquakes,  and  nu¬ 
clear  explosions,  and  for  pointing  the  way 
toward  earthquake  prediction  (9), 

High  magnetic  field  research  at  the 
AFOSR-sponsorei  National  Magnet  Labora¬ 
tory  at  the  Massachusetts  Institute  of  Tech¬ 
nology,  Research  at  NML  is  stimulating  an 
entire  new  branch  of  science.  Started  in  1960, 
this  laboratory  is  rapidly  adding  to  the  im¬ 
portant  understanding  of  the  stricture  solids 
in  several  hitherto  unreachable  aspects,  is 
stimulating  research  with  high  magnetic  fields 
throughout  the  world,  and  is  already  making 
several  important  direct  applied  contributions 
to  the  defense  effort  and  to  technology  in 
general  (10). 

Combustion  research,  which  has  been  con¬ 
tinually  supported  by  AFOSR,  has  had  broad 
impact  on  such  important  areas  as  fuels  and 
oxidants  for  high-energy  missile  propulsion, 
and  combustion  stability  in  operating  rocket 
engines  (//,  IS). 

Hypersonic  research,  including  hypersonic 
facilities  studies,  is  a  broad  based  program  in 
which  AFOSR  has  played  a  key  role.  Of 
course,  its  overall  impact  on  Air  Force  opera¬ 
tional  systems  is  widely  recognized  (13). 

Low-temperature  physics  research  which, 
made  possible  by  fundamental  understanding 
of  the  nature  of  absolute  zero,  and  further 
stimulated  by  the  goal  of  designing  an  experi¬ 
ment  to  check  Einstein’s  Theory  of  General 
Relativity,  has  established  both  through 
theory  and  experiment  the  principles  required 
to  make  improved  gyros  and  magnetometers 

(/Al¬ 
in  format  ion  handling  and  retrieval  studies 
including  man-machine  interface  problems 
'ie re  pioneered  by  AFOSR.  This  field  of  re¬ 
search,  which  is  growing  rapidly  both  in 
importance  and  breadth  of  support,  hca 
already  led  to  the  computerized  management 
control  data  systems  in  use  by  various  Depart¬ 
ment  of  Defense  agencies  and  currently  being 
adopted  by  other  governmental  and  non¬ 
governmental  organizations  (15). 

The  large  AFOSR  activity  in  providing  com¬ 
munication  between  the  scientific  community  and 
the  Air  Force  using  agencies — through  symposia 
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specifically  designed  to  bring  new  science  to  users 
through  oral  and  written  state-of-the-art  reviews, 
by  A  FOSS -sponsored  consultants  traveling  to 
Air  Force  installations,  and  by  other  related 
AFOSR  programs  (14,16,21,23) — is  also  making 
imporant  identifiable  contributions.  We  know  also 
that  many  scientists  supported  by  AFOSR  are 
performing  consultation  for  DOD  in-house  and 
industrial  activities  under  non- AFOSR  auspices. 
It  is  very  significant  that  AFOSR  support  helps 
these  persons  achieve  and  maintain  their  expertise 
while  they  are  continually  helping  the  DOD  in  a 
myriad  of  direct  ways.  For  example,  Project 
Jason,  a  long-standing  group  which  has  con¬ 
tinually  made  in-depth  studies  for  the  DOD,  has 
always  included  several  AFOSR-sponsored  scien¬ 
tists.  In  fact,  Dr.  M.  L.  Goldherger,  Project 
Jason’s  chairman  of  long  standing,  is  supported 
by  AFOSR  in  theoretical  high-energy  physics. 

Finslly,  we  have  always  believed  that  there  are 
many  other  instances  where  the  research  results 
coining  from  our  program  have  directly  benefited 
the  military  forces,  in  terms  of  specific  applica¬ 
tions.  Although  many  of  these  usee  were  known 
to  us,  and  some  have  been  documented  elsewhere 
(4-22),  we  also  believe  that  there  was  a  large 
amount  of  specific  utilization  of  our  research 
about  which  we  had  little  or  no  information. 

Since  the  dissemination  of  the  results  from  the 
research  program  can  take  place  in  many  ways 
spaced  over  a  long  span  of  time — through  reports 
of  journal  articles,  through  presentations  at 
scientific  meetings,  and  particularly  through  any 
one  of  numerous  less  formal  channels- -tire  re¬ 
search  results  receive  wide  distribution,  and  may 
be  used  by  someone  totally  unknown  to  the  re¬ 
search  scientist.  The  diversity  in  the  methods  of 
flow  of  information  is  at  the  same  time  a  source  of 
great  strength  in  the  research  program  end  the 
primary  reason  for  the  existence  of  the  problem 
in  tracing  the  specific  utilization  of  research.  Even 
in  cases  where  the  user  has  to  make  some  contact 
with  the  author,  there  is  often  still  little  feedback. 
For  instance,  nn  AFOSR  contractor,  Dr.  D.  A. 
Calahan,  then  at  the  University  of  Kentucky,  de¬ 
vised  a  computer  program  for  designing  electrical 
networks.  The  user  could  specify  the  desired  net¬ 
work  characteristics,  and  the  computer  wouit'  then 
design  the  network,  including  component  sizes  and 
places  in  the  network.  He  sent  card  decks  contain¬ 
ing  the  computer  program  to  nearly  a  hundred 


people  who  requested  them.  Even  though  Dr. 
Calahan  received  feedback  from  a  number  of 
recipients  it  was  still  not  possible  to  point  to 
specific  weapon  systems  which  benefited  directly 
from  it,  even  though  it  actually  was  a  major  step 
forward  in  design  technique. 

Furthermore,  even  in  cases  where  the  research 
scientist  does  learn  of  an  application  for  his  re¬ 
search,  he  may  not  always  inform  the  sponsoring 
agency.  The  application  typically  does  not  come 
until  several  years  after  the  completion  of  the 
research.  The  research  scientist  may  now  be  receiv¬ 
ing  support  from  a  different  agency.  He  may  not 
even  realize  that  his  sponsors  want  to  learn  of 
applications  of  his  work.  So  the  small  number  of 
cases  where  the  scientists  learn  of  applications  of 
their  work  is  further  reduced  in  relaying  word 
of  these  applications  to  his  sponsoring  agency. 

Ill*  Current  Study  of  Specific  Applications 

In  order  to  obtain  more  objective  data,  AFOSR 
recently  embarked  on  a  number  of  projects  to 
obtain  informaton  about  how  basic  research  results 
get  used  in  military  technology,  and  how  this  proc¬ 
ess  might  be  improved.  In  one  of  these  projects 
we  attempted  to  reduce  the  number  of  failures  to 
report  known  applications,  by  directly  asking  our 
researchers  if  they  knew-  of  applications  of  their 
research. 

A  brief  one-page  questionnaire  was  sent  to  a 
small  sample  of  scientists  who  had  been  associated 
with  AFOSR  in  the  past.  The  intent  was  to  collect 
a  body  of  examples  of  applications,  which  would 
then  be  useful  in  drawing  conclusions  about  what 
kind  of  research  results  get  use,  what  they  get 
used  for,  and  the  channels  through  which  they 
get  used.  The  analysis  of  the  questionnaires  is  not 
complete  (a  partial  analysis  and  compilation  has 
heen  made  (24)),  but  some  interesting  information 
has  emerged  from  the  study.  In  particular,  we  ob¬ 
tained  over  100  good  examples  of  applications  of 
research  which  AFOSR  has  sponsored. 

We  found  that  the  utilization  came  about  in  a 
wide  variety  of  ways.  These  were  broadly  cate¬ 
gorized  es  "weapon  systems”,  ‘‘instrumentation”, 
“design  .echniques",  “manufacturing  methods”, 
and  the  remainder  which  were  simply  grouped  as 
“other”.  Some  of  the  examples  arc  given  below, 
as  well  as  some  additional  information  obtained 
from  the  questionnaires. 
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Woapatt  Application  3 

Three  examples  of  weapon  system  applications 
will  be  cited,  two  involving  a  missile  application 
und  one  an  ai  rcra  ft  appl  icat  ion. 

One  missile  application  was  concerned  with  re¬ 
entry  vehicle  design.  One  of  the  design  problems 
of  reentry  vehicles  is  to  assure  that  they  are  un¬ 
stable  in  all  but  the  nose-first  attitude.  If  a  reentry 
were  capable  of  stable  flight  in  some  other  attil  ode, 
and  reentered  in  that  attitude,  the  heat  shield, 
which  Ls  thickest  on  the  nose,  would  offer  insuifi- 
cient  protection  and  the  vehicle  would  bum  up. 
One  of  the  early  model  reentry  vehicles  for  ballis¬ 
tic  missiles  was  designed  to  be  unstable  in  all  but 
the  nose-first  attitude,  in  atmosphere  of  normal 
density.  However,  it  was  found  that  the  vehicle  was 
stable  flying  tail-first  in  rarefied  gases.  The  com¬ 
pany  designing  the  vehicle  found  that  for  some 
years  AFOSR  und  the  Office  of  Naval  Research 
had  sponsored  research  in  rarefied  gas  aerodynam¬ 
ics  at  the  University  of  California  at  Berkeley  and 
other  places  and  that  tin  results  of  this  research 
were  directly  applicable  to  their  problem.  The 
company  was  able  to  make  use  of  the  results  of  this 
research  to  redesign  the  reentry  vehicle  so  that  it 
was  no  longer  stable  in  the  tail  first  attitude,  even 
in  rarefied  gas  flow. 

The  aircraft  application  involves  so-called  fa¬ 
vorable  interference.  I)r.  Antonio  Kerri,  AFOSR 
contractor  at  Polytechnic  Institute  of  Brooklyn, 
has  develojied  a  theory  known  as  "three  dimen¬ 
sional  interference  effects",  which  shows  that  by 
projierly  (Mentioning  protulieninccs  on  an  aircraft, 
or  even  creating  protulieruiiees  where  necessary, 
the  airflow  disturbances  from  one  ran  la?  caused 
to  interfere  with  the  airflow  disturbance  of  the 
other,  canceling  out  effects  that  would  otherwise 
lie  deleterious  to  aircraft  iierfomianee.  This  con¬ 
cept  was  applied  by  Grumman  Aircraft  Co.  to 
design  the  air  inlet  for  the  FllF-lF  aim-aft  re¬ 
sulting  in  a  considerable  increase  in  the  power 
available  from  the  jet  engines.  Dr.  Ferri  was  a 
consultant  10  Grumman  during  the  design  of  this 
aircraft. 

Finally,  we  find  that  Kalman's  linear  filter 
theory,  developed  under  \FOSR  sup|torf  iu  1059 
under  a  <-ontraet  entitled  "The  Study  of  Non  linear 
Mechanics",  is  finding  broad  application  in  the 
control  und  navigation  systems  currently  being 
employed  for  FSAF  and  NASA  space  launches. 


Imtrumontatlon 

A  sizeable  share  of  the  applications  turned  out 
to  lie  in  the  field  of  instrumentation.  In  some  cases 
AFOSR  was  supporting  the  work  in  order  to  ob¬ 
tain  the  new  test  instrument.  In  other  cases,  an 
instrumentation  technique  was  developed  by  a  re¬ 
search  scientist  who  was  looking  for  something 
else,  but  who  realized  the  significance  of  what  ha 
had  discovered 

A  striking  example  of  research  directed  toward 
a  new  instrument  is  the  wave  superheater  hyper¬ 
sonic  wind  tunnel,  at  Cornell  Aeronautical  Labo¬ 
ratory.  AFOSR  r< -search  at  Cornell  University, 
Cornell  Aeronautical  laboratory  and  other  places, 
designed  to  provide  fundamental  understanding 
of  hypersonic  flow  and  of  methods  for  producing 
In  I  (oratory  simulation,  evolved  this  concept  of  this 
tyjx>  of  wind  tunnel.  AFOSR  supported  CAL  for 
the  design  and  fabrication  of  a  pilot  model  wave 
su|>erheater.  intended  to  demonstrate  the  feasibil¬ 
ity  of  obtaining  a  continuous  stream  of  high-tem¬ 
perature  air.  With  the  successful  demonstration 
of  the  pilot  model,  the  presently  used  full-scale 
wave  superheater  was  designed  ami  built,  with 
initial  support  front  AFOSR,  and  Inter  support 
from  other  agencies.  This  device  has  proved  to  be 
of  tremendous  importance  in  design  of  reentry 
vehicles,  since  it  provides  an  opportunity  to  lest 
full-sized  reentry  vehicles,  at  reentry  speeds  and 
temperatures,  ai  much  lower  cost  than  for  a  missile 
flight,  and  with  much  more  detailed  measurements 
taken  of  heat  shield  liehavior.  The  tunnel  lias  al¬ 
ready  lieen  used  for  several  full-scale  tests  of  de¬ 
velopmental  reentry  vehicles. 

AFOSR  supported  two  programs  of  phenom- 
rna-orirnted  research  in  the  infrared  properties 
of  molecules  at  high  temperatures  w  ith  reasonable 
expectation  tltat  utilization  might  lie  achieved  if 
the  research  were  successful.  This  research,  accom¬ 
plished  primarily  at  the  Warner  Swazey  Research 
IjiUirntory.  did,  indeed,  lead  to  applications  of  in¬ 
terest  to  lash  IK)D  and  NASA.  One  of  those  pro¬ 
grams  was  for  research  in  the  use  of  "band  models" 
to  represent  the  transmittance  of  infrared  bands 
of  molecules  at  high  temperatures.  From  it  evolved 
spec! roseopic  techniques  which  were  quickly  ap¬ 
pl  its)  to  the  problem  of  determining  tlte  concentra¬ 
tion  of  water  vajwr  in  a  supersonic  nozzle  and  the 
determination  of  CO-  concentrat ions  in  shock  - 
heated  gases.  The  other  research  program  was  to 
determine  the  tenqierature  distrihution  in  a  hot 
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gM  from  measurements  of  the  infrared  spectrum 
of  the  gas.  Results  from  this  program  led  to  a 
method  for  calculating  spectral  transmittance  in 
an  applied  research  program  for  NASA.  This  ap¬ 
plied  research  program  combined  the  results  of 
the  two  basic  research  efforts  and  produced  a 
method  for  predicting  the  radiant  heating  of  the 
base  of  the  Saturn  rocket.  Further,  the  results  of 
this  bask  research  have  been  applied  to  calcula¬ 
tion  of  the  radiance  from  a  missile  plume. 

An  example  of  instrumentation  which  arose 
from  research  originally  aimed  at  other  purposes 
involves  the  use  of  superconductivity  in  metallur¬ 
gical  analyses.  AFOSR  has  continuously  supported 
a  major  fraction  of  V.S.  research  in  superconduc¬ 
tivity,  together  with  the  Army  Research  Office 
and  the  AEC,  which  supported  work  on  super¬ 
conducting  magnets.  The  intent  of  this  research 
program,  at  a  number  of  universities,  was  to  gain 
morn  understanding  of  the  phenomenon  of  super¬ 
conductivity.  Among  other  things,  it  was  learned 
that  the  presence  of  minute  traces  of  impurities, 
imperfections,  and  lack  of  homogeniety  in  metal 
samples  can  alter  the  superconducting  behavior  of 
metals  to  a  measurable  degree.  This  fact  has  been 
put  to  use  by  at  least  one  aircraft  manufacturer 
as  a  nondestructive  testing  technique  for  the  analy¬ 
sis  of  new  titanium  alloys  for  aircraft  structures. 

Another  example  of  an  unexpected  application 
came  from  Butler's  search  for  understanding  of 
the  alternating  intra-inter  molecular  chain  prop¬ 
agation  mechanism  for  the  formation  of  linear 
polymers  from  nonconjugnted  diene  monomers. 
This  theory  led  to  the  concept  and  synthesis  of 
ladder  Jiolymers.  A  polymer  derived  from  this 
process  has  shown  excellent  potential  as  a  floe 
dilating  agent  with  iht  capability  of  converting 
surface  water  to  jiotalile  water,  and  the  Army 
is  using  this  material  in  a  |>ortable  unit  for  water 
purification  which  is  awaiting  adoption  by  the 
Army  Medical  ('orjts. 

Still  another  example  is  that  of  the  blood-giu 
cose  measuring  instrument.  Dr.  H.  V.  Malmstadt, 
of  the  1  *ni versity  of  Illinois  applied  for  AFOSR 
support  for  research  in  the  field  of  spoct rophoto- 
metric  titration  procedures.  In  these  procedures, 
t lie  concentration  of  some  chemical  in  a  solution 
is  determined  by  adding  another  chemical  which 
will  neutralize  or  otherwise  react  with  the  .  hemi- 
cal  to  lie  measured.  The  neutralizing  chemical  is 
added  slowly  and  continuously  until  just  enough 
has  been  added  to  <>onipletely  remove  from  the 


solution  the  chemical  to  be  measured.  The  end¬ 
point  of  this  process  is  signaled  by  a  change  in  the 
color  of  the  solution.  Since  the  amount  of  neu¬ 
tralizing  chemical  which  has  been  adder,  to  the 
solution  is  known,  it  is  then  possible  to  calculate 
ilte  amount  of  the  chemical  to  be  measured  which 
was  originally  present.  The  drawbacks  to  this  proc¬ 
ess  are  that  it  is  time  consuming,  and  the  exact 
time  of  color  change  (endpoint)  is  often  a  matter 
of  judgment,  since  the  solution  may  be  only  faintly 
colored  well  before  the  endpoint.  Dr.  Malmstadt 
investigated  the  use  of  photoelectric  devices  for 
determining  the  endpoint,  and  succeeded  in  devis¬ 
ing  techniques  which  allowed  determination  of 
the  amount  of  certain  metals  present  in  a  solu¬ 
tion,  with  much  more  precision  than  had  been  pos¬ 
sible  before.  He  then  turned  bis  attention  to  other 
materials,  including  glucose  in  blood.  He  found 
that  a  modification  of  the  procedure  already  used 
on  metals  could  be  used  for  determination  of  blood 
glucose,  and  tlmt  the  entire  process  could  he  auto¬ 
mated  using  a  combination  of  commercially 
available  instruments.  The  process  he  devised  is 
much  more  rapid  thnn  those  previously  used,  it 
used  a  less  expensive  chemical  for  addition  to  the 
glucose  solution,  and  its  precision  is  considerably 
higher.  The  method  has  been  adopted  in  a  num- 
lier  of  hospitals  nnd  clinical  laboratories. 

Design  Techniques 

Another  important  category  of  applications  was 
tlmt  of  design  techniques.  These  covered  a  wide 
range  of  subjects,  from  differential  correction  of 
orbits  to  design  of  solid  propellant  rocket  engines. 

In  the  case  of  correction  of  orbits,  S.  Herrick  of 
I’t'LA,  with  AFOSR  sqpjiort,  has  developed 
theories  of  differential  correction  of  orbits.  His 
theories  were  applied  by  Aeronutronic  to  the  de¬ 
sign  orbit  of  the  Mercury  capsule.  In  this  case,  the 
application  of  the  research  result  arose  from  the 
fact  that  Dr.  Herrick  was  a  consultant  to  Aeronu¬ 
tronic  Division  of  Philco. 

P.  1).  McCormack,  of  the  Cniversity  of  Dublin, 
tinder  AFOSIt  sponsorship,  was  doing  research 
on  the  effects  of  vibration  on  stability  of  combus¬ 
tion  in  the  engine.  He  presented  his  results  at  an 
AFOSR -sponsored  synqiosiiim  which  was  at¬ 
tended  by  sjieeialists  in  the  (kid  of  combustion 
dynamics.  Personnel  from  Rocketdyne,  who  were 
concerned  w  ith  design  of  a  medium  sized  rocket 
pngine  for  NASA,  were  present  at  the  meeting. 
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They  recognized  that  McCormack's  results  pro¬ 
vided  a  solution  lo  a  problem  of  combustion  in¬ 
stability  which  had  arisen  during  tests  of  the 
NASA  engine.  Tliey  applied  his  results  success¬ 
fully,  and  eliminated  the  instability. 

Another  example  involves  the  design  of  a  re- 
sfartable  solid  pro]iellant  rocket.  Under  the 
direction  of  I)rs.  N'.  \V.  Ryan  and  A.  D.  Baer,  at 
the  University  of  Utt.li,  a  concept  had  been  orig¬ 
inated  regarding  the  relation  between  ignition 
temperature  and  initial  temperature  of  a  solid 
propellant.  Some  time  after  publication  of  their 
results,  they  attended  a  symposium  and  heard  a 
paper  presented  by  an  industrial  group  which 
related  that  their  concept  had  been  applied  suc¬ 
cessfully.  The  concept  bad  made  possible  a  signifi¬ 
cant  reduction  in  the  number  of  low-temperature 
test  firings  required  during  development  of  a  re¬ 
st  nrtable  engine. 

Manufacturing  Method* 

The  manufacturing  methods  which  had  resulted 
from  the  application  of  AFOSR  research  ranged 
front  methods  for  producing  a  few  ounces  of  low- 
defeet  materials  to  methods  for  producing  ton¬ 
nage  quantities  of  high-purity  materials. 

Two  examples  of  small-scale  manufacturing 
methods  Itoth  involve  solid  state  electronics. 
AFOSR-supported  research  at  Westinghouse  on 
dendritic  growth  of  semiconductors,  resulted  in  a 
detailed  understanding  of  the  nature  of  the  den¬ 
dritic  growth  mechanism  and  led  to  methods  for 
producing  high-quality  germanium  and  silicon 
rihhons  for  use  in  transistors.  Similarity.  AFOSR- 
sponsored  research  at  Stanford  University  has  led 
to  means  for  production  of  large,  relatively  defect 
free,  sapphire  crystals  which  are  in  great  demand, 
for  use  as  subst  rates  for  integrated  circuits. 

Two  other  examples  involve  large-quantity  pro¬ 
duction  <>f  materials  for  applications  requiring  a 
iiigh  degree  of  purity.  AFOSR-sponsored  re¬ 
search  at  Columbia  University  on  chemical  reac¬ 
tions  in  the  tail  flame  of  a  high  intensity  arc 
has  led  directly  to  a  process  for  producing  ura¬ 
nium  monocarbide,  a  process  which  is  superior  to 
those  previously  used,  and  which  has  l>een  used 
commercially,  producing  UU  in  nuiny-ion  lots  for 
use  in  nuclear  reactors.  Another  example  is  a  proc¬ 
ess  for  producing  tonnage  quantities  of  high- 
purity  aluminum,  which  grew  out  of  AFOSR- 


sponsored  research  on  the  effect  of  stirring  during 
freezing  on  the  purification  of  materials. 

Two  further  examples  show  where  phenomena- 
oriented  research  at  the  University  of  Illinoin  re¬ 
sulted  in  improved  manufacturing  methods  for 
semiconductor  devices.  Studies  of  diffusion  in 
heavily  doped  silicon  and  germanium  provided 
valuable  data  for  the  fabrication  of  devices,  partic¬ 
ularly  integrated  circuits,  by  the  diffusion  method. 
Similarly,  basic  studies  of  semiconductor  surfaces 
have  lieen  of  importance  to  those  concerned  with 
the  reliability  of  semiconductor  devices. 

Other  Applications 

After  the  examples  were  grouped  into  the  cate¬ 
gories  described  above,  we  were  left  with  a  collec¬ 
tion  of  disparate  examples  which  could  not  be  cate¬ 
gorized  easily.  One  of  these  will  be  cited  here 
because  we  feel  it  has  considerable  significance. 
Drs.  Tiffany  and  Kikuelu  were  working  at  the 
University  of  Michigan  in  1955,  under  a  joint- 
service  funded  Project  Michigan,  which  was  in¬ 
vestigating  infrared  equipment.  They  wanted  to 
investigate  a  phenomenon  called  electron  spin  res¬ 
onance  in  certain  solid  materials.  Becnuse  of  the 
pressure  on  Project  Michigan  to  produce  hard¬ 
ware,  it  was  difficult  for  them  to  get  support  for 
this  investigation,  as  it  was  considered  too  “basic". 
They  applied  for  and  received  AFOSR  support  to 
continue  their  investigations.  In  the  course  of  their 
research  they  studied  various  crystals  including 
the  ruby.  Almost  incidently,  tliev  observed  that 
the  r’lhy  had  properties  which  would  make  it  use¬ 
ful  in  microwave  amplification.  They  grasped  the 
significance,  of  their  observations,  and  made  the 
iv.-uilts  available  to  others  who  developed  the  ruby 
as  the  basis  for  the  first  practical  solid  state  maser. 

In  addition  to  the  direct  application  of  research 
results  to  weapon  systems,  or  to  means  for  design¬ 
ing,  testing  or  manufacturing  weapon  systems, 
many  other  lienefits  of  u  service-sponsored  basic 
rese;  vli  program  were  illustrated  by  this  survey. 
Consultations  with  aerospace  manufacturers  is  an 
important  example  which  demonstrates  how 
AFOSR-sponsored  research  is  transmitted  directly 
to  users.  While  some  certainly  would  have  been 
involved  in  these  activities  even  without  AFOSR 
sup|>ort,  some  made  the  |>ositive  statement  that  it 
was  AFOSR  support  that  made  them  interested 
enough  in  Air  Force  problems  to  be  willing  to  en¬ 
gage  in  these  activities. 
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Summary  of  finding* 

The  examples  cited  above  illustrate  some  of  the 
findings  of  our  investigation  of  applications  of 
AFOSR-supported  research.  Analysis  of  the  find¬ 
ings  is  not  complete,  and  additional  efforts  are  be¬ 
ing  made  to  get  more  examples.  However,  based 
on  the  information  we  do  have,  we  have  already 
reached  some  conclusions. 

First  of  all,  it  is  abundantly  dear  that  much  of 
the  phenomena-oriented  research  ve  have  sup 
ported  has  had  a  significant  impact  on  mili.ury 
technology.  Our  success  in  finding  utilization 
through  this  survey  shows  11s  that  a  large  amount 
of  such  information  could  be  accumulated. 

Second,  we  find  that  research  is  often  applied 
quite  rapidly.  Although  much  of  the  utilization 
which  we  discovered  in  this  survey  came  from  re¬ 
sults  produced  in  the  first  10  years  of  our  la -year 
history,  we  are  already  seeing  important  utiliza¬ 
tion  of  the  last  5  years  of  research  results.  Clearly, 
one  does  not  have  to  wait  until  research  results  are 
condensed  into  the  lfeoks  to  be  taught  to  the  next 
generation  of  engineers  before  it  is  utilized. 

Third,  since,  the  interactions  bridging  scientific 
research  activities  with  technological  utilization 
occur  in  many  diverse  ami  important  ways,  any 
specific  study  of  the  RAD  management  process 
must  recognize  the  possibility  of  missing  very  im¬ 
portant  facets  of  this  interaction.  On  the  one  hand, 
examples  are  found  where  phenomena -oriented  re¬ 
search  provided  the  key  idea  from  which  applica¬ 
tion  proceeded.  On  the  other  hand,  we  find  many 
m.ire  cases  of  utilization  where  highly  essential 
understanding  and  other  support  was  provided 
technology  activities  in  a  large  variety  of  ways 
which  usually  are  not  even  mentioned  when  the 
origin  of  application  is  being  discussed. 

Fourth,  the  phenomena -oriented  research  lead¬ 
ing  to  the  applications  which  we  are  finding  was 
not  generally  started  to  support  the  specific  pur¬ 
pose  for  which  if  was  ultimately  used.  Rather,  it 
was  initiated  by  the  AFOSR  project  manager  who 
selected  it  because  it  sup(K>rtcd  the  overall  pro¬ 
gram  for  which  he  was  res|x>n.sible  and,  as  such, 
met  appropriate  standards  of  Air  Force  relevance 
and  scientific  promise.  As  new  knowledge  and 
understanding  grew,  related  technology  pro¬ 
gressed  along  with  it.  In  other  words,  we  are  find¬ 
ing  a  large  amount  of  utilization  of  rest  inch  of  the 
type  which  is  typically  performed  in  universities. 


under  the  sponsorship  of  capable  agency  pro¬ 
gram  managers. 

Fifth,  we  found  that  one  of  the  important  roles 
performed  by  organizations  like  AFOSR  is  to  sup- 
]>ort  phenomena  oriented  research  in  lalxmitories 
(such  as  industrial  laboratories)  which  arc  some¬ 
times  reluctant  to  conduct  research  not  directly 
related  to  their  technical  program.  This  support 
permits  investigators  in  such  labo- dories  to  per 
form  a  thorough  investigation  <?  .ome  phenome¬ 
non  or  approach  instead  of  stopping  when  they 
have  enough  information  to  meet  the  specifieat  ions 
011  the  development  program  which  brought  a 
problem  to  light.  The  additional  information  thus 
gained  often  turns  out  to  be  very  useful  in  solving 
or  sidestepping  a  more  complex  form  of  the  same 
problem  in  a  later  development  program. 

Sixth,  our  findings  confirm  the  widely  accepted 
belief  that  carefully  designed  special  purpose  sym¬ 
posia  and  scientific  meetings,  and  other  means  of 
communicating  which  provide  opportunities  for 
personal  contact,  are  very  important  channels  for 
transmission  of  research  results  from  researcher  to 
user,  and  equally  important  for  transmission  of 
needs  from  the  user  to  the  researcher,  thus  assuring 
their  dynamic  and  positive  interaction  to  forestall 
the  usual  time  lapse  of  years  as  when  reliance  is 
left  solely  to  publication. 

Conclusion* 

We  are  quite  pleased  with  the  results  which 
have  come  out  of  this  study  *'ir.  They  have  con¬ 
firmed  our  earlier  confidcu. ,  that,  the  research 
which  AFOSR  has  sponsored  has  been  of  great 
Ijeiiciit  to  the  Air  Force,  and  to  the  other  military 
serv  ices. 

The  contribution  to  our  knowledge  of  the  way  in 
which  phenomena-oriented  science  and  technology 
interact  is  particularly  significant  in  that  it  brings 
the  interface  role  served  by  AFOSR  into  clearer 
focus  both  from  the  standpoint  of  its  importance 
and  its  function,  'ibis  understanding  is  vital  in 
choice  of  research  areas  for  colonization  and  in  the 
conduct  of  activities  designed  to  provide  effective 
interaction  between  phenomena-oriented  science 
and  technology.  Further  study  of  those  successful 
techniques  for  selecting  research  in  the  past  is  pro¬ 
viding  additional  insight  into  ways  of  further 
optimizing  the  research  management  procedures 
used  in  the  future. 
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Mathematical  Sciences 


Automata  Theory 

Lt.  Col.  Barnett  R.  Aoins 

The  development  of  the  digital  computer  her¬ 
alded  a  new  era  in  science  and  technology  and  has 
had  an  impact  on  all  phases  of  modem  existence. 
It  is  used  as  a  tool  for  computation  and  as  an  in¬ 
tegral  part  of  systems  development  ranging  from 
automobile  production  to  guidance  of  space  vehi¬ 
cles.  Yet  there  are  severe  limitations  on  a  com¬ 
puter’s  capabilities.  Although  there  have  been 
many  technological  advances,  such  as  the  design 
of  smaller  components  and  better  memory  tech¬ 
niques,  the  fundamentals  have  not  changed  in  the 
past  25  years  due  to  a  lack  of  the  related  mathe¬ 
matical  formulism  we  call  automata  theory.  How¬ 
ever,  results  of  the  AFOSR-supported  program 
in  automata  theory  promises  to  lead  to  a  wide 
range  of  new  theoretical  advances  in  computer 
technology. 

Automata  theory  began  in  1939  with  the  classi¬ 
cal  work  of  Shannon  on  switching  circuits.  The 
theory  of  sequential  machines,  where  time  plays  an 
essential  role,  was  established  in  the  McCulloch 
and  Pitts  paper  of  1943.  Thereafter,  theory  devel¬ 
oped  slowly  because  no  mathematical  formalism 
was  available. 

Almost  concurrently  with  the  theory,  digital 
computers  were  developed.  These  are  finite  state 
sequential  machines.  The  approach  to  the  construc¬ 
tion  of  computer  hardware  was  the  intuitive  one. 
The  engineer,  confronted  with  the  problem  of 
realization  of  any  particular  sequential  circuitry, 
and  knowing  how  many  registers,  words  of  mem¬ 
ory.  etc.,  were  required  in  the  past  to  construct 
similar  devices,  used  his  experience  and  ingenuity 
to  connect  the  chosen  components  in  the  most  ad¬ 
vantageous  manner.  Frequently,  after  the  machine 
was  in  operation,  a  considerable  redundancy  was 
discovered.  Whole  blocks  of  components  could  be 
eliminated  without  in  any  way  impairing  the  de¬ 
sired  operation.  Even  though  there  were  a  num¬ 
ber  of  techniques  for  dealing  with  nonsequential 
circuit  design,  it  was  an  art  to  which  long  experi¬ 


ence  in  practical  problems  was  the  sole  initiation. 
The  situation  was  similar  to  that  existing  in  classi¬ 
cal  mechanics  before  the  introduction  of  the  Ham- 
ilton-Lagrange  methods.  Obviously,  what  was  re¬ 
quired  in  sequential  machine  design  was  a  canoni¬ 
cal  representation  furnishing  a  technique  by  which 
a  complete  set  of  irredundant  equations  charac¬ 
terizing  the  desired  system  could  be  obtained 
almost  mechanically.  In  addition  to  the  immediate 
design  application,  such  schemes  could  constitute 
a  general  structure  theory  of  sequential  machines, 
leading  to  a  really  profound  understanding  of 
finite  state  sequential  systems  in  general. 

In  1962,  the  first  basis  of  an  algebraic  theory  of 
finite  sequential  machines  appeared.  It  established 
that  the  needed  mathematics  was  the  theory  of 
finite  semigroups,  and  the  one  new  idea,  that  of  a 
relative  measure  of  the  computing  power  of  finite 
machines,  was  introduced.  This  was  a  key  to  the 
decomposition  of  finite  machines  into  a  natural  set 
of  irreducible  component  machines. 

The  algebraic  theory  of  machines  came  to  the 
attention  of  AFOSR  even  before  publication.  An 
evaluation  of  the  theory  indicated  that  it.  was  based 
on  sound  mathematics,  and  had  the  potential  to 
develop  the  needed  mathematical  formalism.  Two 
goals  were  envisioned:  First,  to  furnish  an  auto¬ 
matic,  programablc  technique  for  minimal  physi¬ 
cal  realization  of  finite-state  machines:  and  second 
to  provide  fundamental  understanding  of  the 
essential  notion  of  finite  state  systems  in  general. 
A  wide  range  of  applications  was  anticipated.  Ma¬ 
chines  could  be  designed  automatically  by  com¬ 
puters  without  human  intervention.  Special  pur¬ 
pose  computers,  such  as  those  required  for  onboard 
space  vehicle  systems,  could  be  realized  with  mini¬ 
mum  weight  and  cost.  Many  systems  with  finite 
state  representations,  e.g.,  long  chain  molecules 
and  biological  systems,  could  lie  studied  carefully. 
At  the  very  least,  the  research  would  yield  more 
efficient  programing  methods  which  should  save 
more  than  the  cost  of  the  investigation.  Based  on 
these  factors,  a  research  program  in  automata 
theory  was  initiated. 

The  algebraic  theory  of  machines  is  a  complete 
structural  study  using  algebraic  methods,  in  par- 
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ticular,  those  of  the  theory  of  groups.  This  allows, 
for  the  first  time,  the  application  of  the  enormous 
fund  of  sophisticated  results  of  classical  and  mod¬ 
em  algebraists  to  computer  engineering.  The  most 
elementary  use  of  the  theory  is  to  construct,  given 
the  input-output  relation  desired,  the  minimal 
finite  state  machine  realizing  this  relation. 

To  understand  the  ideas,  we  need  a  few  defini¬ 
tions.  Machine  A  is  said  to  divide  machine  H  if 
and  only  if  any  calculation  A  can  do  can  lie  done 
by  B ,  possibly  aided  by  memoryless  input -oul  put 
codes.  A  semigroup  is  a  set  of  elements  closed 
under  an  associative  operation.  Semigroup  .-t 
divides  semigroup  B  if  and  only  if  A  is  a  homo¬ 
morphic  subimage  of  B.  i.e.,  intuitively,  if  and  only 
if  A  is  algebraicly  simpler  than  ft. 

The  initial  observation  is  that  machine  .-I  divides 
machine  B  if  and  only  if  As  semigroup  divides 
B's  semigroup.  Here  we  have  an  engineering  prop¬ 
erty  which  is  difficult  to  establish  equivalent  to  tin 
easily  verified  algebraic  property. 

A  machine  is  called  prime  if,  whenever  it  divides 
a  series-parallel  (loop-free)  network  of  other  ma¬ 
chines,  it  divides  one  of  them.  That  is,  a  machine  is 
prime  if  ir  can  never  profitably  lie  loop-free  con¬ 
structed  out  of  weaker  ones.  In  view  of  the  strin¬ 
gency  of  the  definition,  it  is  not  clear  that  any 
prime  machines  exist.  A  very  long  algebraic  con¬ 
struction  and  proof  shows  that  there  is,  in  fact, 
an  infinite  number  of  them  and  gives  a  complete 
characterization  of  the  primes.  It  is  well  known 
that  any  integer  can  be  represented  as  a  product 
of  the  primes  that  divide  it.  For  example,  the  num¬ 
ber  2b0  is  divisible  only  by  two  primes,  2  and  n 
and  can  I*  expressed  as  -2?  and  5*.  It  is  amazing 
that  a  corresponding  fact  is  true  for  the  much  more 
complicated  set  of  computing  machines.  This  con¬ 
struction  immediately  allows  solution  of  the  state 
assignment  problem  for  a  wide  category  of  cases. 

Suppose  an  engineer  wishes  to  realize  in  hard¬ 
ware  a  given  N  state  sequential  machine  M  (i.e., 
the  abstract  logical  formulation  of  the  circuit). 
Assume  that  flip-flops,  cores  or  any  other  binary 
elements  are  the  basic  memory  objects. 

In  the  literature,  this  is  the  sole  case  treated.  It 
should  be  noted  here  that  the  approach  via  the 
algebraic  theory  of  machines  leads  to  a  method 
equally  applicable  to  n-ary  elements  for  any  n 
greater  than  1. 

The  engineer  proceeds  to  select  an  integer  k  such 
that  ik  is  equal  to  or  greater  than  X.  H  •  then  as¬ 
signs  to  each  state  of  the  machine  .If  a  configura¬ 


tion  (k-tuple)  of  elements  such  that  two  different 
configurations  eorres|>ond  to  two  different  states. 
Once  this  assignment  is  made,  the  diode  logic  of 
the  hardware  is  uniquely  determined  by  the  se¬ 
quential  machine  .V,  In  general,  the  next  state  of 
each  binary  element  is  dependent  upon  both  the 
present  input  and  the  last  state  of  all  the  binary 
elements.  In  this  arbitrarily  bad  state,  we  may 
measure  the  complexity  of  the  diode  logic  by  say¬ 
ing  that  tlvere  are  k"  dependencies.  In  general,  de¬ 


pendencies  of  the  order  of 


— -  are  considered  ex- 
o 


cellent,  using  the  foregoing  techniques. 

However,  using  the  algebraic,  theory  of  ma¬ 
chines.  .1/  is  decomposed  into  a  series-parallel  net¬ 
work  of  prime  machines,  where  the  product  of  the 
number  of  states  of  the  component  machines  is 
equal  to  the  number  of  states  of  the  original  ms 
chine  ,V.  States  are  assigned  to  the  component 
machines  arbitrarily.  This  operation,  through  the 
connecting  codes  of  the  decomposition,  automati¬ 
cally  induces  a  state  assignment  for  .1/.  Xow,  it  is 
clear  that  we  can  number  the  component  machines 
1  to  q,  so  that  in  all,  between  the  i"1  machine  and 
the  input  to  the  network  there  are  no  more  than  i-1 
intermediate  machines,  The  logic  of  the  1st  ma¬ 
chine  will  depend  only  on  the  binary  elements 
which  realize  this  machine,  and  the  logic  of  the  i"1 
machine  will  depend  only  on  its  binary  elements 
and  the  i-1  machines  which  precede  it.  Conse¬ 
quently.  the  numlier  of  dependencies  is  of  t  he  order 

of  1  +  2-c  -•-  +  k  =  (approximately.) 


Thus,  in  this  application,  the  complexity  of  the 
machine  .1/  is  reduced  in  the  ratio  8  :  5. 

In  general,  the  theory  of  machines  can  be  re¬ 
garded  as  a  theory  of  optimum  coordination  of 
phase  spaces,  where  phase  space  is  the  set  of  states 
of  machines  whose  outputs  are  the  same  as  the 
current  state.  In  fact,  the  precise  notion  of  what 
is  meant  by  the  term  "physical  theory"  is  just  a 
transparent  coordination  of  the  phase  space  over 
which  the  theory  operates.  Problems  in  mechanics, 
for  example,  lead  directly  to  the  correct  choice  of 
generalized  coordinates,  and  the  seven  integrals 
of  motion  are  seen  to  correspond  to  the  first  ma¬ 
chine  and  the  machine  decomposition  of  phase 
space.  It  is  in  the  case  of  discrete  phase  space 
where  the  techniques  of  differential  equations  are 
not  applicable  that  important  breakthroughs  are 
anticipated  using  this  algebraic  theory. 

A  new  method  for  generating  Boolean  func- 


fions  has  been  developed.  A  fixed  simple  slwlian 
group  machine  M  is  used,  and  any  Boolean  func¬ 
tion  B  can  be  realized  by  M  with  the  aid  of  a  stor¬ 
age  sequence  depending  on  U  and  R.  This  means 
that  one  finite  state  machine  can  be  used  to  realize 
all  Boolean  functions  involved  in  a  given  opera¬ 
tion  with  only  a  storngv  unit  required  for  each 
Boolean  function.  This  could  lead  to  significant 
new  techniques  in  the  optimization  of  design  of 
computer  components. 

A  system  for  determining  semigroup  isomor¬ 
phisms  (equivalences)  has  l>een  programed  to 
Project  MAC.  The  program  required  20  seconds  to 
find  an  isomorphism  of  the  cyclic  group  of  order 
12  with  the  direct  product  of  the  cyclic  groups  of 
orders  three  and  four.  Decomposition  of  semi¬ 
group  of  order  64 !  has  been  achieved. 

A  study  of  the  application  of  the  theory  to  biol¬ 
ogy  has  been  initiated.  A  state  input  model  for 
metabolic  processes  has  beer,  developed  whereby  a 
semigroup  can  be  found  underlying  a  given  multi- 
enzyme  system.  The  theory  proves  that  the  semi¬ 
group  of  any  enzyme  system  can  be  represented  by 
a  system  of  simpler  components.  Information  the¬ 
ory  indicates  that  the  components  which  are  bi¬ 
ologically  significant  arc  those  known  as  simple 
non- Abelian  groups  (SXAG's),  all  others  being 
insufficiently  adaptive  to  maintain  vital  functions 
in  the  fluctuations  of  environment  to  which  living 
organisms  are  subject. 

This  program  represents  the  first  application  of 
nonlinear  mathematical  modes  to  biology.  There 
are  considerable  implications  for  medical  research 
inherent  in  the  theory,  in  that  it  provides  insight 
into  pathological  processes. 

Work  has  been  started,  using  the  techniques  of 
the  theory  of  machines,  to  attempt  to  clarify  tlie 
theory  of  elementary  particles. 

The  pioneering  aspect  of  the  algebraic  theory  of 
machines,  which  to  a  large  extent  was  sponsored  by 
AFOSR,  will  be  concluded  by  bringing  together  a 
niinilier  of  investigators,  whose  results  in  various 
aspects  of  automata  theory  and  applications  will 
lie  discussed.  The  proceedings  of  this  conference 
will  lie  published  and  form  a  cohesive  reference 
for  future  research. 

There  are  three  major  aspects  for  the  continuing 
research :  ( 1 )  Pure  research  to  develop  a  complete 
structure  in  the  theory  itself;  (2)  immediate  ap¬ 
plications  to  computer  sciences,  languages,  and 
related  fields;  and  (3)  use  of  the  theory  as  a  tool 


for  better  understanding  of  biological  and  phys¬ 
ical  systems. 

(  onetirren*  with  the  support  of  the  algebraic 
(struct,  re)  theoiy  of  machines  research,  the  ap¬ 
plied  mathematics  division  has  funded  other  ap¬ 
proaches  to  automata  theory.  These  include  the 
reliability  of  sequential  machines,  the  synthesis 
of  time  varying  sequential  circuits,  linear  sequen¬ 
tial  circuits,  error  correcting  codes  and  nonbinary 
switching  and  logic. 

There  are  two  approaches  to  the  effects  of  errors 
in  sequential  machines.  One  is  to  assume  that  the 
machine  has  somehow  arrived  at  the  wrong  inter¬ 
nal  state  and  then  the  effect  of  these  errors  is  con¬ 
sidered.  The  second  is  to  consider  the  effects  of 
errors  on  the  inputs.  In  this  model,  one  specifies 
input  words  which  may  be  in  error  by  giving  an 
error  relation  on  the  class  of  input  words.  In  the 
investigation,  both  internal  errors  (incorrect  state 
transitions)  and  external  errors  (inputs  which  are 
not  received  properly)  were  considered.  One  result 
was  obtained  by  the  study  of  the  class  of  automata 
which  correct  a  prescribed  set  of  input  errors.  It 
was  found  that  there  is  an  exchange  1  jet  ween  the 
error  correcting  capabilities  of  a  machine  and  the 
time  necessary  for  correction. 

Another  part  of  the  program  is  to  develop  a 
general  theory  through  which  any  linear  sequen¬ 
tial  circuit  can  be  analyzed  and  synthesized.  In 
particular,  the  investigation  is  concerned  with  the 
characterization  and  design  of  stable  circuits, 
where  any  error  input  vanishes  in  a  finite  time, 
and  quasi-stable  circuits,  where  input  error  pro¬ 
duces  a  perpetual  ’out  constant  response.  These  cir¬ 
cuits,  which  are  singular,  have  been  largely  ig¬ 
nored  in  the  past,  but  can  lie  used  to  advantage  in 
error  correcting  and  detecting  systems.  Tech¬ 
niques  for  constructing  minimal  forms  of  linear 
modular  sequential  circuits  and  for  singular  cir¬ 
cuits  have  been  develojjed  very  recently. 

An  examination  of  the  problem  of  minimization 
of  Boolean  functions  through  graph  theoretical 
methods  is  living  pursued.  It  may  be  that  this  ap¬ 
proach  to  minimal  synthesis  is  preferable  to  exist¬ 
ing  algorithms. 

In  most  automata,  the  logic  is  two  valued,  based 
on  binary  switching  theory.  There  appears  to  be 
considerable  potential  in  multivalued  logic  for 
automata,  so  the  development  of  nonbinary  switch¬ 
ing  theory  is  another  area  into  which  the  program 
in  automata  theory  reaches.  Ternary  algebras  have 
Ikxmi  developed  Rnd  synthesis  techniques  for  mini- 


mum  cost  ternary  switching  circuits  were  derived 
in  the  context  of  available  technology.  Efforts  are 
now  underway  to  establish  design  techniques  for 
nonbinary  cellular  airays  as  well  as  for  nonbinary 
nonlinear  sequential  circuits. 

AFOSR  has  thus  developed  a  broad  based  pro¬ 
gram  on  research  in  automata  theory  which  en¬ 
compasses  both  the  structural  and  the.  programing 
approaches.  There  are,  necessarily,  overlaps  and 
interchanges  between  these  approaches  and  be¬ 
tween  automata  theory  and  other  areas  such  as  in¬ 
formation  theory  and  biology.  These  interchanges 
are  encouraged  with  the  objective  of  advancing  the 
frontiers  of  all  the  involved  sciences  and  their 
eventual  application  to  the  needs  of  the  Air  Force 
and  the  United  States. 


Control  Theory 

Maj.  John  Jokes,  Jr. 

Modern  control  theory  is  a  branch  of  applied 
mathematics  under  strenuous  development  by 
AFOSR  to  help  obtain  solutions  to  problems 
related  to  high-speed  aircraft,  aerospace  vehicle 
systems,  and  advanced  space  systems. 

The  starting  point  for  these  theoretical  develop¬ 
ments  were  based  upon  the  assumption  of  a  mathe¬ 
matical  model  of  the  system  to  be  controlled  in 
one  form  or  another.  Although  the  main  objective 
of  nearly  all  control  problems  is  maximization  or 
minimization  of  a  certain  specified  perfonnar.ee 
index,  their  complexity  and  the  methods  of 
approach  depend  on  the  forms  of  the  assumed 
mathematical  model,  in  particular,  the  form  of 
the  system  equations  and  the  associated  con¬ 
straints. 

Most  of  the  recent  research  efforts  in  control 
theory  have  been  devoted  to  problems  involved 
in  obtaining  solutions  to  adaptive  and  optimum 
control  problems.  Theoretical  investigations  on 
optimum  and  adaptive  control  have  brer,  carried 
out  for  the  following  classes  of  systems :  dynamical 
systems  governed  by  ordinary  differential  equa¬ 
tions;  distributed  parameter  dynamical  systems 
governed  by  partial  differential  equations,  integral 
equations,  and  functional  differential  equations: 


integral  equations:  and  dynamical  systems  with 
uncertainties 

Optimum  control  problems  have  occupied  the 
attention  of  researchers  for  several  years.  Methods 
used  for  their  solution  have  included  those  based 
on  the  calculus  of  variations  and  on  Pontryagin’s 
maximum  principle.  Another  approach  is  based 
upon  the  work  of  Krein  who  established  conditions 
f«>r  (he  existence  of  linear  functionals  which  trans¬ 
form  given  elements  of  a  normed  linear  space  into 
given  points  on  the  real  line,  and  which,  in  addi¬ 
tion,  have  norms  of  value  leas  than  or  equal  to  a 
constant  L.  When  the  conditions  are  used  to  define 
a  minimum  value  for  L.  a  minimization  problem 
is  defined.  The  application  of  Krein ‘s  work  to  auto¬ 
matic  control  optimization  problems  has  been  made 
by  several  scientists. 

The  solution  of  optimum  control  problems  re¬ 
quires  that  the  desired  result  be  a  development 
of  design  procedures  for  the  controller  of  a  manu¬ 
facturing  facility  which  optimized  that  plant’s 
performance  in  some  sense.  The  cost  of  control  or 
of  deviation  of  the  plant's  state  from  the  desired 
state  is  expressed  as  a  cost  function  and  this  cost 
function  is  to  be  minimized.  In  addition,  con¬ 
straints  on  the  operation  of  the  plant  are  also 
present.  A  group  headed  by  Leondes  at  UCLA 
is  investigating  such  a  functional  analysis  ap¬ 
proach  to  control  problems  for  linear  plants.  The 
cost  functions  and  constraints  correspond  mathe¬ 
matically  to  norms  of  linear  functionals  defined 
on  a  normed  linear  function  space.  The  output  of 
a  linear  system  at  a  specific  time  T  is  related  to  the 
input  time  function  by  a  convolution  integral. 
This  integral  is  a  linear  functional  which  trans¬ 
forms  the  system  weighting  function  into  a  real 
number,  the  output.  Each  new  input  time  function 
defines  a  new  functional.  Thus,  the  control  system 
optimization  problem  corresponds  to  a  mathe¬ 
matical  problem  of  finding  a  linear  functional 
with  minimum  norm  which  satisfies  certain  con¬ 
straints. 

In  order  to  completely  solve  the  problem,  one 
needs  to  find  the  functional  and  the  type  of  norm 
which  corresponds  to  the  physical  problem  being 
solved.  The  control  signal  must  be  formed  as  a 
function  of  time  or  of  the  state  variables  physi¬ 
cally  available  for  measurement.  The  controller 
must  be  designed  for  either  open-loop  or  closed- 
loop  control  of  the  plant. 

During  the  last  decade,  control  theory  has 
advanced  quite  rapidly.  This  is  due  largely  to  the 
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fact  that  control  engineers  have  been  called  upon 
to  deal  with  increasingly  complex  systems.  As  the 
problems  become  more  .stringent,  the  theory  of 
optimal  control  systems  has  received  increasing 
attention  by  engineers  ami  tnafltematicians.  His¬ 
torically,  the  optimal  control  problem  arose  first 
as  the  "time  optimal"  control  problem,  the  problem 
of  bringing  sonic  components  of  the  system  slate 
vectors  to  desired  states  from  a  given  set  of  initial 
states  as  quickly  as  possible,  while  satisfying  cer¬ 
tain  constraints  on  the  means  of  controlling  the 
system.  Since  then,  a  large  number  of  research 
papers  have  apjieared  on  various  other  tyjies  of 
optimal  con!  rol  problems  as  welt  as  on  t  ime  optima! 
control  problems  and  the  theory  of  optimal  control 
has  reached  a  rather  high  level  of  development. 

The  optimal  way  of  controlling  a  given  system 
with  resjiect  to  the  given  criterion  of  performance 
will  lie  called  the  optimal  control  policy.  Optimal 
control  jwlieies  may  be  given  as  a  function  of 
“state"  of  the  control  systems  or  as  a  function  of 
time.  In  the  former  case,  they  represent  a  closed- 
loop  control  of  the  system  whereas  in  the  latter 
they  represent  an  open  loop  control. 

A  way  of  controlling  the  system  in  some  non 
optimal  way  for  the  given  criterion  of  perform¬ 
ance  will  be  called  a  sultoptimal  control  policy. 
There  are  several  reasons  why  one  must  consider 
sultoptimal  policies.  First,  because  of  the  scale 
and  complexity  of  systems  it  may  be  impossible 
to  solve  optimal  control  problems  exactly  even  if 
optimal  policies  are  assumed  to  exist  and  in  cer¬ 
tain  cases  optimal  policies  may  not  even  exist. 
Also,  if  optimal  policies  whose  existences  are 
assumed  ate  too  complex  either  from  the  stand¬ 
point  of  analysis  or  engineering  implementation, 
then  various  approximate  solutions  of  the  optimal 
control  problems  must  be  considered.  Original 
complex  problems  may,  on  the  other  hand,  be 
sufficiently  simplified  to  allow  exact  solutions.  In 
any  case  one  desires  good  suboptimal  jioliries  to 
approximate  optimal  policies. 

Another  fact  which  must  be-  considered  is  that 
rarely  are  criteria  of  performances  designed  to 
include  all  jiertiiient  factors  in  optimal  system 
designs,  tints  it  is  necessary  to  consider  not  only 
optimal  [Kilicies  but  suboptima!  |tolicies  to  allow 
engineering  and  or  economical  considerations  in 
t he  construction  of  systems. 

The  problem  of  optimally  controlling  a  class 
of  linear  control  systems  which  are  disturbed  by 
random  noise  and  the  pro! lability  distribution 


function  of  the  noise  is  known  or  where  the  distri¬ 
bution  function  is  known  only  as  a  member  of  a 
given  class  of  distribution  functions,  is  known  as 
a  stochastic  control  problem  in  the  first  case,  and 
as  an  adaptive  control  problem  in  the  latter  case. 

Another  example  of  an  optimal  control  problem 
is  that  of  designing  a  system  such  that  certain 
components  of  the  system  state  vector  follow 
some  desired  or  given  functions  of  time  as  accu¬ 
rately  as  possible  during  the  control  period.  One 
may  refer  to  desired  functions  of  time  as  desired 
trajectories  and  actual  or  realized  functions  of 
time  produced  by  the  system  as  actual  trajectories 
of  the  systems.  Optimization  problems  consist  in 
choosing  control  vectors  and  other  system  parame 
ters  at  the  disposal  of  system  designers  in  such  a 
way  that  some  given  criterion  of  closeness  of  fit 
is  minimized  for  given  desired  trajectories  ami 
realized  system  trajectories. 

An  important  result  used  in  control  theory  is  the 
Pontryagin  maximum  principle  introduced  in 
1956.  An  especially  appealing  feature  of  this  prin¬ 
ciple  from  the  control  system  designer's  viewpoint 
is  its  utility  in  establishing  certain  properties  of 
optimum  controls  with  a  minimum  of  mathe 
matical  manipulation. 

Let  us  consider  an  example  of  the  maximum 
principle  applied  to  a  lunar  hovering  mission.  As- 
some  that  a  space  vehicle  is  in  the  terminal  descent 
phase  of  a  lunar  mission  and  is  descending  verti 
cally.  We  desire  to  program  the  thrust  so  that  the 
vehicle  will  achieve  zero  terminal  v  elocity  at  some 
specified  altitude,  say  approximately  a  few  hun¬ 
dred  feet  and  with  a  minimum  expenditure  of  fuel. 
Once  this  terminal  condition  is  achieved,  the  vehi¬ 
cle  can  hover  by  applying  a  thrust  acceleration  of 
one  lunar  gravity  g.  Such  a  mission  permits  inspec¬ 
tion  of  a  lunar  surface  and  subsequently  aiding  in 
the  choice  of  a  landing  site  if  so  desired. 

It  has  been  shown  for  this  above  problem  that 
there  is  at  most  one  switching  during  the  descent 
and  that  the  switching  is  from  "off"  to  “on."  That 
is,  the  optimal  thrust  program  consists  of  either 
full  thrust  from  the  initiation  of  the  mission  until 
the  desired  hovering  altitude  is  achieved,  or  a 
period  of  zero  thrust  or  free-fall  followed  by  full 
thrust  until  the  desired  hovering  altitude  is 
achieved.  Because  of  the  relative  simplicity  of  the 
optimal  thrust  program,  it  can  lie  synthesized  by 
developing  an  appropriate  switching  function. 
Development  of  a  switching  function  consists  in 
determining  a  relation  such  that  if  the  thrust  is 
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turned  on  when  this  relation  is  first  satisfied,  and 
left  on,  the  desired  terminal  condition;  arc 
achieved. 

The  optimal  thrust  program  is  then  implemented 
by  sensing  the  altitude  and  velocity  during  descent 
by  a  radar  altimeter  find  doppler  radar,  respec¬ 
tively,  initiating  thrust  when  a  given  relation  is 
satisfied  and  continuing  thrust  until  the  desired 
terminal  conditions  are  achieved- 

Fundamentally  speaking,  all  physical  systems 
are  intrinsically  distributed  in  nature.  However, 
in  many  physical  situations,  the  system's  spatial 
energy  distribution  is  sufficiently  concentrated  or 
invariant  in  form  during  the  course  of  motion  so 
that  an  approximate  lumped  parameter  description 
may  be  adequate.  However,  on  the  other  hand,  the 
spatial  energy  distribution  of  many  practical 
physical  systems  ate  widely  dispersed.  It  is  desired 
to  maintain  precise  control  of  certain  spatially  dis¬ 
tributed  physical  variables.  This  generally  requires 
the  direct  consideration  of  distributed  parameter 
mathematical  models  which  are  in  the  form  of 
partial  differential  equations  or  integral  equa¬ 
tions.  Typical  examples  include  distillation  proc¬ 
esses,  nuclear  and  chemical  reactors. 

The  basic  approach  underlying  almost  all  exist¬ 
ing  works  on  the  control  of  distributed  parameter 
systems  has  been  based  on  first  approximating  the 
distributed  model  by  a  corresponding  spatially  dis¬ 
cretized  model,  and  then  designing  a  control  sys¬ 
tem  via  the  established  theory  for  lumped  param¬ 
eter  systems. 

The  notion  of  controllability  is  associated  with 
the  ability  of  steering  one  system  state  to  another 
in  a  finite  amount  of  time  by  means  of  certain 
admissible  class  of  controls.  This  concept  was  first 
introduced  by  Kalman.  He  derived  precise  mathe¬ 
matical  conditions  for  the  controllability  of  finite 
dimensional  linear  dynamical  systems.  For  dy¬ 


namical  systems  governed  by  nonlinear  ordinary 
differential  equations,  results  pertaining  to  local 
controllability  in  Kalman's  sense  have  been  ob¬ 
tained  by  Lee  and  Markus.  Also,  they  have  estab¬ 
lished  a  relation  lietween  complete  controllability 
and  asymptotic  stability.  Many  other  phases  of 
control  theory  have  heen  investigated  including  a 
study  of  optimal  control  for  systems  described  by 
difference  equations,  control  problems  with  state 
vector  measurement  errors  and  on  line  computer 
co&trol  techniques  and  their  application  to  reentry 
aerospace  vehicle  control. 

Over  the  past  25  years  a  great  body  of  knowledge 
has  been  built  up  on  the  subject  of  feedback  control 
of  linear,  time-invariant  dynamic  systems.  This 
knowledge  plays  an  important  role  in  our  tech¬ 
nology,  and  engineering  schools  recognize  this  fact 
by  teaching  courses  in  this  area.  However,  many 
dynamic  systems,  particularly  aerospace  systems, 
are  nonlinear  and/or  time-varying  and  the  tech¬ 
niques  for  analysis  and  design  of  linear,  time-in¬ 
variant  control  systems  are.  in  general,  not  appli¬ 
cable  to  these  more  complicated  systems.  This  fact 
was  particularly  noted  by  AFOSR  in  the  early 
fifties  and  it  has  since  pioneered  in  the  development 
of  theories  applicable  to  the  design  of  realistic 
aerospace  systems. 

The  appearance  of  practical,  high-speed  digital 
computers  in  the  1950*s  provided  an  essential  tool 
for  dealing  with  nonlinear  and  time-varying  sys¬ 
tems.  It  also  required  a  great  understanding  and 
the  development  of  a  theory  of  sampled-data  sys¬ 
tems.  Such  systems  which  are  also  referred  to  as 
discrete  systems  are  those  in  which  information 
is  available  only  at  discrete  intervals  of  time.  A 
telemetry  system  is  another  prime  example  of  a 
discrete  system.  It  is,  therefore,  quite  obvious  why 
the  first  program  of  AFOSK  support  of  research 
in  control  theory  was  in  sampled-data  systems. 
This  program  at  Columbia  University  had  as  its 
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principal  investigators  John  Ragazzini  (now  dean 
of  engineering,  New  York  University)  and  Lotfi 
Zadeli  (now  liead  of  the  Department  of  Electrical 
Engineering,  University  of  California,  Berkeley). 
The  program  was  extremely  successful.  It  provided 
the  fundamental  theory  essential  for  the  use  of 
digital  computers  in  guidance  and  control  systems. 
Specific  applications  have  lieen  made  to  the  design 
of  digitally  controlled  aircraft  intercept  systems 
(SAGE),  guided  missile  control  systems,  and 
trajectory  and  rendezvous  control  of  space  vehicles. 
It  should  also  lie  noted  that  lioth  the  oil  industry 
and  chemical  industry  are  prolific  users  of  sam- 
pled-data  control  systems  and  the  results  of  this 
program  are  used  extensively  there  also.  Although 
the  theory  with  its  manyfold  applications  was 
extremely  significant,  its  greatest  achievement  was 
the  development  of  trained  researchers  in  theory 
and  design  of  control  theory.  These  people  have 
all  had  and  are  still  having  significant  impact  on 
the  development  of  the  theory  and  it"  application 
to  aerospace  as  well  as  other  engineering  problems. 
These  are  E.  I.  Jury,  now  professor.  University 
of  California,  Berkeley;  R.  E.  Kalman,  now  pro¬ 
fessor,  Stanford  University:  J.  Bertram,  now  re 
sjwnsible  at  IBM  for  development  of  the  next 
series  of  advnnred  scientific  computers;  H.  Fried¬ 
man,  now  professor.  New  York  University; 
A.  Bergen,  now  professor,  University  of  Cali¬ 
fornia,  Berkeley;  P.  Sarachik,  now  professor. 
New  York  University;  G.  Kranc,  now  professor. 
City  University  of  New  York;  G.  Franklin,  now 
professor,  Stanford  University ;  B.  Friedland,  now 
director  control  group.  General  Precision  Corp. ; 
J.  Sklansky,  now  at  RCA  and  contractor  of  ASD, 
Wright  Patterson  AFB;  W.  Nelson,  Bell  Tele¬ 
phone  Laboratories.  This  program  in  sampled-data 
systems  at  Columbia  University  was  quickly  sup¬ 
plemented  by  support  of  its  first  research  associate 
to  receive  a  degree,  E.  I.  Jung  at  the  University  of 
California,  Berkeley.  He  subsequently  has  con¬ 
tributed  significantly  to  discrete  system  theory, 
most  recently  in  the  design  of  a  rendezvous  radar. 
Doctoral  students  trained  in  that  AFOSR  program 
are  now  playing  significant  roles  in  industry;  one 
example  is  in  developing  satellite  communication 
systems  at  Comsat. 

Another  early  program  was  on  time- varying  sys¬ 
tems  with  John  Truxal  at  the  Polytechnic  Institute 
of  Brooklyn.  This  program  particularly  stimu¬ 
lated  the  research  in  adaptive  >  <>iitml  systems  and 
many  of  its  developments  and  results  were  ap¬ 


plied  in  the  design  of  the  adaptive  autopilot  for 
the  X-15  aerospace  vehicle.  It.  also  led  to  consider¬ 
able  fundamental  research  on  sensitivity  or  the 
effects  of  change*  in  a  system’s  parameters. 

AFOSR  was  r  Iso  a  pioneer  in  the  support  of  re¬ 
search  in  nonlinear  systems.  The  largest  and  most 
successful  was  the  support  of  the  Research  Insti¬ 
tute  nf  Applied  Science  .  RJ.VS).  (Over  100  tech¬ 
nical  papers  and  six  books  resulted  from  this  pro¬ 
gram.  >  The  program  under  the  direction  of  S. 
Lefshetz  and  J.  LaSalle  emphasised  the  mathe¬ 
matical  aspects  of  nonlinear  systems  and  the  appli¬ 
cation  to  design  of  control  systems.  Important 
additions  to  basic  theory  resulted  from  their  study 
of  stability  of  nonlinear  systems,  in  particular  the 
use  of  Liapunov's  second  method.  When  they  be¬ 
gan  the  study  there  were  relatively  few  mathemati¬ 
cians  in  this  country  acquainted  with  the  method 
and  even  fewer  scientists  and  engineers  who  real¬ 
ized  how  it  could  be  applied.  This  was  in  sharp  con¬ 
trast  to  the  situation  in  the  Soviet  Union  where 
Liapunov's  second  method  was  the  primary  tool 
used  in  solving  linear  and  nonlinear  stability  prob¬ 
lems  of  all  types.  Today.  Liapunov's  second  meth¬ 
od  is  being  used  in  the  United  States.  It  is  a  stand¬ 
ard  topic  in  the  training  of  control  engineers  and 
is  being  applied  by  the  aerospace  industry. 

Also  at  RIAS  an  AFOSR  sponsored  program 
under  R.  E.  Kalman  (trained  in  the  Columbia 
group)  with  R.  Bucy.  made  extremely  significant 
discoveries  in  developing  and  applying  statistical 
filtering  theory.  The  theoretical  results  were  ob¬ 
tained  liy  a  new  look  at  the  similar  problem  con¬ 
sidered  by  Norbert  Weiner  in  the  theory  of  signal 
detection  and  aircraft  course  prediction.  One  of  the 
theoretical  results  was  to  show  that  the  simple 
mathematical  operation  of  taking  an  average,  and 
other  operations  of  «  similarly  simple  nature,  can 
be  employed  in  a  large  number  of  cases  to  obtain 
statistical  performance  that  is  optimum,  or  close 
to  it.  Such  operations  are  easily  realized  or  closely 
approximated  by  simple  devices  constructed  of 
standard  electronic  components.  In  situations 
where  the  use  of  digital  computers  is  indicated,  the 
simple,  averaging  type  of  operations  make  very- 
modest  demands  on  computer  speed,  memory 
capacity,  and  arithmetic  capabilit ies. 

One  direct  application  of  the  theoretical  results 
is  now  occurring  at  Patrick  Air  Force  Base.  Here. 
Republic  Aviation  is  studying  the  redesign  of 
device*  to  predict  missile  impact  {joints:  tlie  previ¬ 
ous  design  was  quite  elementary  and  unsophisti- 


i'* ted  with  a  rather  poor  performance  index.  Im¬ 
proved  design?,  using  a  proper  Imlnnce  of  analog 
computer  and  digital  computer  techniques,  will 
yield  close  to  theoretically  optimum  jx-rforniance, 
high  reliability,  and,  what  is  |*-rhn|(s  most  im¬ 
pressive,  will  cut  costs  by  almut  j-2  million.  The 
capability  of  the  theory  to  solve  the  point-of-im- 
p*cf  problem  has  already  ls-cn  .unplv  demon¬ 
strated  !»v  its  success  in  n  related  area,  that  of  the 
l>oint-of-intercept  proldem  solved  in  the  Dis¬ 
coverer  aeries  of  r.oseeoiw*  mterrejU;-. 

Further  applications  of  the  theory  have  been 
made  to  the  problem  of  estimating  position  and 
velocity  on  board  a  lunar  orbiting  vehicle.  Studies 
of  this  problem,  based  on  the  research  supporter! 
by  the  Air  Force,  have  been  conducted  by  NASA 
at  the  Ames  Research  ('enter.  Other  outgrowths 
of  the  theory  have  been  applications  to  the  general 
problem  of  astronautiral  guidance.  Direct  applica¬ 
tion  of  the  theory  has  la-on  made  by  Autonetics  for 
the  Xavy  to  optimize  the  performance  of  their 
ships  inertial  navigation  system  (SIN'S). 


Probability  Theory  and 
Mathematical  Statistics 

Maj.  Johv  F.  Gander 

Coincidences,  in  *ener»l.  nre  meat  stumbling 
blocks  in  the  way  of  that  class  of  thinkers  who 
have  been  educated  to  know  nothing  of  the  theory 
of  probability:  that  theory  to  which  the  most 
glorious  objects  of  human  research  are  Indebted 
for  the  most  glorious  of  illust rations 
Em  u  Aij-ax  roe. 

The  Murder*  in  the  Rue  Morgue" 

The  world  we  live  in  confronts  us  will)  events 
that  are  not  strictly  predict  able  yet  we  are  required 
to  make  what  we  hope  will  lx-  favorable  decisions. 
For  example,  just  about  anyone  would  be  willing 
to  wager  in  favor  of  the  proposition  that  the  sun 
will  rise  tomorrow.  However,  what  assurance  does 
one  really  have  to  guarantee  the  occurrence  of  such 
an  event?  To  justify  the  act  of  the  sun  rising 
tomorrow  on  the  basis  that  today  was  a  beautiful 
day  to  visit  the  beach  or  that  the  sun  has  followed 
the  same  habit  since  the  dawn  of  recorded  history 
is  no  real  assurance  that  we  will  lx*  blessed  by  that 
event  tomorrow. 


Unfortunately,  the  mathematician  has  not  de¬ 
veloped  methods  for  handling  such  propositions— 
the  best  advice  that  one  can  give  for  situations  of 
this  type  is  to  advise  the  concerned  individual  to 
follow  flic  “old  and  reliable"  gnmblcr’s  rule,  i.p., 
never  l»et  against  a  winner*  *  *. 

Fortunately,  not  all  events  of  man,  nature  and 
science  exhibit  such  singular  unpredietBble 
characteristics  as  depicted  by  the  example  cited 
al*ove.  Hencr-,  the  mathematician  has  been  able  to 
develop  methods  for  transforming  extremely  large 
classes  of  what  seem  to  be  strictly  unpredictable 
events  into  predictable  events.  These  methods  form 
the  mathematical  disciplines  generally  referred  to 
as  probability  theory  and  mathematical  statistics. 
These  disciplines  have  found  important  applica¬ 
tions  in  such  different  fields  of  endeavor  as  agri¬ 
culture,  criminology,  economics,  engineering, 
medicine,  psychology  and  sociology.  They  have 
proved  their  worth  to  the  Air  Force  through  ex¬ 
tensive  use  in  many  areas  of  Air  Force  interest, 
including  communication  theory,  decision  theory, 
war  gaming,  reliability  theory  and  meteorological 
forecasting. 

Pierre  Simon  doLaplace  ( 1749-1827), generally 
considered  the  father  of  probability  theory,  gave 
the  following  elementary  definition  of  probability : 
If  an  event  can  result  in  n  equally  likely  outcomes, 
then  the  probability  of  such  an  event  E  is  the  ratio 
of  the  number  of  outcomes  favorable  to  E  to  ,ue 
total  number  of  outcomes.  Obviously,  tikis  defini¬ 
tion  is  somewhat  restrictive  in  nature  and  does  not 
begin  to  adequately  describe  the  full  potential  of 
modern  probability  theory. 

Fortunately,  it  is  much  easier  to  show  what  prob¬ 
ability  theory  does  by  examples  than  to  try  to  de¬ 
fine  and  explain  probability  theory  per  sc.  For. 
even  though  probability  theory  is  a  distinct  and 
separate  discipline  of  mathematics,  it  is  clearly 
a  branch  of  analysis  and  in  a  narrow  sense  a 
branch  of  measure  theory.  Its  most  rudimentary 
parts,  and  probably  those  parts  that  are  most 
familiar  to  the  vast  majority  of  jieople,  find  their 
origin  in  combinatorial  analysis.  In  fact,  combina¬ 
torial  analysis  affords  us  with  a  good  elejnentary 
example  of  probability  theory.  For  instance,  what 
is  the  probability'  of  drawing  thre  *  red  balls  from 
an  urn  which  contains  four  red  balls  and  three 
white  balls  ?  According  to  Laplace's  definition,  we 
would  like  to  know  the  ratio  of  the  number  of  ways 
we  can  get  three  of  the  four  red  balls  in  the  con¬ 
tainer  to  the  total  number  of  ways  one  can  pick 


three  balls  (of  either  color)  out  of  the  container. 
Now  there  are  four  possible  ways  to  get  three  red 
balls  out  of  the  container  while  there  are  35  pos¬ 
sible  ways  to  pick  three  balls  of  either  color.  To 
demonstrate  this,  suppose  we  number  the  balls  one 
through  seven  and  let  the  first  four  be  red  and  the 
remaining  three  white.  There  are  four  ways  to 
choose  the  numbered  balls  one  through  four  taken 
three  at  a  time,  while  there  are  35  ways  to  choose 
the  numbered  balls  one  through  seven  taken  three 
at  a  time.  Finally,  the  desired  probability  is  seen 

to  be  4- 

Because  we  shall  make  use  of  the  theory  dem¬ 
onstrated  by  this  example,  let  us  develop  it  further. 
One  could  just  as  easily  have  asked  for  the  prob¬ 
ability  of  getting  none,  one  or  two  red  balls  draw¬ 
ing  three  balls  at  a  time  from  the  container.  Simple 
calculations  show  that  these  probabilities  are  1/35, 
12/35  and  18/35,  respectively.  To  further  aid  devel¬ 
oping  our  example,  let  us  associate  some  commonly 
used  names  with  the  concepts  that  we  have  been 
discussing.  The  number  of  red  balls  appearing  in 
the  sample  (in  this  example  the  sample,  or  more 
specifically  the  sample  size,  refers  to  the  set  of  three 
balls  drawn  from  the  container)  Is  a  quantity 
whose  value  is  determined  by  the  results  of  the 
random  selection  of  the  sample.  It  is  usually  re¬ 
ferred  to  as  the  random  variable.  With  each  possi¬ 
ble  value  d  of  the  random  variable  RV  (again,  in 
this  example  0, 1, 2,  or  3  are  the  possible  values  that 
the  random  variable  may  assume)  we  associate  the 
probability  P(RV  —  d)  that  the  value  d  will  oc 
cur.  A  mathematical  expression  which  gives  this 
probability  is  referred  to  as  a  probability  distri¬ 
bution  function  or  simply  a  distribution  function. 
In  this  example  the  distribution  function  happens 
to  be  a  discrete  probability  distribution  function. 
It  is  often  helpful  to  have  a  mathematical  formula 
that  expresses  these  probabilities  as  a  function  of 
any  given  value  d  in  the  domain  space  (the  space 
of  all  possible  values  d  can  assume)  of  the  random 
variable.  To  this  end,  let  the  total  number  of  balls 
in  the  container  be  :V  (here  N  is  generally  referred 
to  as  the  population  size),  suppose  that  the  popu¬ 
lation  contains  r  red  halls  (here  again  the  r  red 
balls  could  represent  ar.y  special  event  we  wish 
to  single  out,  e.g.,  defective  transistors,  improperly 
tempered  turbine  blades,  below  standard  mixing 
value*,  etc.)  and  (A’  r)  non-red  balls.  Further, 
suppose  that  the  sample  size  is  ».  We  wish  to  find 
an  efficient  way  of  expressing  the  distribution  of 


the  random  variable  RV.  In  the  above  example 
N=7,  r=4  and  *=3.  A  straightforward  calcula¬ 
tion  gives  the  distribution  function 


P(RV-d)-^' 


(#) 


where  (a.  b)  stands  for  the  binomial  coefficient 


b\(a-b)\ 

a  and  b  are  integers  and  a !  --  T  '2 •  3  •  •  •  a.  The  func¬ 
tion  (#)  in  this  example  is  sometimes  called  the 
hypcrgeometric  distribution  (A,  r.»). 

With  the  aid  of  this  example  we  shall  now  give 
an  acceptable  definition  of  mathematical  statistics 
as  well  as  shed  light  on  how  inextricably  mathe¬ 
matical  statistics  and  probability  theory  are  re¬ 
lated.  Modern  mathematical  statistics  studies 
methods  of  drawing  conclusions  about  a  popula¬ 
tion  on  the  basis  of  data  that  ordinarily  is  collected 
from  only  a  sample  of  the  population.  To  clarify 
the  relation  as  well  as  to  make  a  distinction  be¬ 
tween  mathematical  statistics  and  probability 
theory,  consider  the  following  problem. 

Suppose  that  a  field  commander  is  interested  in 
the  percentage  of  a  boatload  of  bullets  that  con¬ 
form  to  a  specific  quality  standard,  e.g.,  ho»  many 
bullets  can  be  expected  to  misfire.  Obviously,  he 
would  not  want  to  fire  each  bullet  to  ascertain  the 
number  of  bullets  suitable  for  combat  use,  so  he 
chooses  a  random  sample  for  examination.  Suppose 
that  there  are  ,V  bullets  in  this  shipment  of  which  r 
are  below  standard,  that  a  of  them  are  examined 
and  that  RV  of  those  examined  are  below  standard. 
Note  how  this  problem  corresponds  to  the  previous 
example.  Recall  that  we  calculated  the  probability 
that  RV,  the  random  variable,  will  assume  one  of 
its  possible  values  d  to  be  (#).  This  is  a  typical 
result  of  probability  theory. 

Such  a  result  stops  short  of  giving  the  field  com¬ 
mander  a  usable  answer.  Obviously  we  need  r  in 
order  to  compute  (#),  but  if  we  know  the  value 
of  r  we  do  not  need  to  make  any  inspection.  Ac¬ 
tually,  (#)  gives  only  the  probability  that  RV 
will  take  on  various  values,  while  the  field  com¬ 
mander  will  observe  during  combat  the  actual 
value  of  RV.  Hence,  the  problem  is  not  to  find  the 
distribution  of  RV  knowing  r,  but  rather  to  draw 
some  conclusion  about  r  after  observing  /?I\  This 
it.  a  statistical  problem :  to  draw  a  conclusion  about 
a  population  on  the  basis  of  a  sample.  From  these 
examples  it  appears  as  though  statistics  and  proba¬ 
bility  work  in  opposite  directions.  Indeed,  proba- 
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bilit.y  theory  investigates  a  known  population  in 
order  to  derive  distributions  related  to  a  sample 
from  the  population,  while,  as  we  have  just  seen, 
statistics  investigate  the  observed  sample  in  order 
to  draw  conclusions  about  some  unknown  feature 
of  the  population. 

In  the  above  example  there  is  in  the  probability 
model  a  quantity  (i.e.,  r  in  this  example)  generally 
referred,  to  as  a  parameter.  Knowledge  of  the  value 
of  this  parameter  completely  specifies  the  distribu¬ 
tion.  Statistics  is  intensely  concerned  with  develop¬ 
ing  methods  of  drawing  conclusions  about 
parameters  on  the  basis  of  the  observed  values  of 
random  variables  whose  distributions  de|*eml  on 
the  parameters,  Although  statistics  depend  heavily 
on  probability  theory  to  specify  the  distribution 
corresponding  to  various  values  of  the  parameters, 
it  goes  far  beyond  probability  theory  in  order  to 
deal  with  the  more  delicate  questions  that  arise 
when  the  fundamental  distributions  are.  not  com¬ 
pletely  specified. 

The  disciplines  of  mathematical  statistics  and 
probability  theory  are  far  more  extensive  than 
the  above  examples  indicate.  Although  the  study 
of  distribution  functions,  random  variables,  and 
sampling  methods  are  central  topics  of  considera¬ 
tion  for  the,  advancement  of  these  disciplines,  they 
are  by  no  standard,  the  only  topics  of  importance. 
Any  attempt,  to  list  all  of  the  areas  of  currrent. 
research  interest  is  doomed,  for  the  subject  matter 
of  these  disciplines  is  growing  at  a  spectacular 
rate — a  rate  which  is  resulting  in  a  flow  of  new 
research  results  with  wliicii  no  single  article  of  this 
nature  can  adequately  describe.  However,  some 
subjects  of  current  research  interest  deserve  to  he 
mentioned.  These  subjects  of  research  interest  c.re : 
limit  theorems,  stocha.  *ic  processes,  Markov  proc¬ 
esses,  estimation  theory,  the  test  of  statistical  hy¬ 
pothesis,  parametric  and  nonparametric  statistical 
methods,  the  analysis  of  variance  and  transforma¬ 
tions  in  the  analysis  of  variance,  the  design  and 
analysis  of  experiments,  decision  theory,  multi¬ 
stage  decision  procedures,  sequential  analysis, 
multivariate  analysis,  multiple  comparison  vesls, 
information  theory,  communication  theory,  relia¬ 
bility  theory,  and  operational  analysis.  They  all 
have  one  thing  in  common  which  is  to  aid  mankind 
in  one  way  or  another  in  his  selection  of  the  appro¬ 
priate  course  of  action  to  be  followed  in  real  world 
events.  For  example,  decision  theory  was  devel¬ 
oped  to  replace  the  theory  of  testing  statistical 


hypothesis  for  it  was  felt  that  that  theory  was 
inadequate  to  describe  many  of  the  problems  aris¬ 
ing  in  statistical  i  investigations. 

The  resea  ret  ojectives  of  AFOStf’s  program  in 
probability  the  y  and  mathematical  statistics  are 
to  discover  new  theories  and  to  develop  techniques 
which  will  ultimately  yield  new  and  improved  test 
methods  for  scientific,  engineering,  and  manage¬ 
ment  problems  wrought  by  our  pressing  national 
defense  interests. 

A  substantial  portion  of  AFOSli's  mathematics 
support  is  for  major  projects  in  some  of  the  above- 
mentioned  areas.  It  includes  group  efforts  at  many 
of  the  leading  research  centers  as  well  as  singular 
efforts  performed  by  outstanding  research  person¬ 
nel  at  both  leading  universities  and  aerospace  cor¬ 
porations. 

A  major  group  effort  at  the  University  of  North 
Carolina  under  the  leadership  of  G.  E.  Nicholson, 
Jr.,  A.  Barlntto,  R.  C.  Rose,  I.  M.  Ohnkravorte. 
W.  Hocffding,  and  N.  L.  Johnson  has  made  out¬ 
standing  contributions  in  mathematical  statistics, 
the  design  of  experiments,  communication  theory, 
nonparametric  inference,  and  the  design  or  analy¬ 
sis  of  multifact  or  multiresponse  experiments  under 
various  models.  Three  major  achievements  of  this 
leading  group  are  descrilied  here.  Each  achieve¬ 
ment  has  made  its  singular  contribution,  la1  it 
mathematical  eloquence,  useful  application,  or  ex¬ 
ceptional  future  potential. 

The  first  ol  these  results  is  significant  primarily 
because  of  its  mathematical  eloquence  and  it 
demonstrates  the  outstanding  research  caliber  of 
the  personnel  involved.  R.C.  Bose  and  S.S.  Shrik- 
! wnde  created  a  sensation  in  the  mathematical 
community  by  establishing  the  falseness  of  one  of 
Leonard  Euler’s  (1703-83)  classical  conjectures. 
F'uler  conjectured  that  there  do  not  exist  pairwise 
orthogonal  Latin  squares  of  order  it+2  {t  a 
natural  number).  Recall  that  the  Latin  square  is 
a  prime  tool  in  certain  experimental  designs.  To 
illustrate  further  what  a  Latin  square  is,  consider 
the  following  example.  Suppose  we  wish  to  com¬ 
pare  effects  of  five  types  of  bombs  delivered  by 
five  types  of  aircraft  flown  by  each  of  five  pilots. 
First  we  make  a  5  by  fi  square  array  (i.e.,  a  matrix 
consisting  of  five  rows  and  five  columns)  matching 
the  pilots  against  the  tyjie  of  aircraft  flown  in 
such  a  way  that  each  pilot  flies  once  and  only  once 
in  each  aircraft.  We  then  make  this  configuration 
into  a  Latin  square  by  assigring  the  types  of 
lxmibs  to  l>e  dropjied  at  random  in  such  a  way 
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that  each  type  of  bomb  is  used  once  and  only  once 
by  each  aircraft  and  each  pilot  during  the.  experi¬ 
ment.  Now  the  Latin  square  is  a  practical  exper¬ 
imental  design  when  dealing  with  small  sets  of 
events  but  the  labor  of  analysis  rapidly  becomes 
excessive  as  the  size  increases.  This  labor  is  con¬ 
siderably  less  for  a  particular  type  of  Latin 
squares,  orthogonal  Latin  squares.  The  results  of 
Bose  and  Shrikhande  outline  ways  of  developing 
an  infinite  number  of  orthogonal  Latin  squares  of 
size  4/  +  2  thus  disproving  Eulers  conjecture  while, 
at  the  same  time  giving  to  science  an  improved 
method  for  solving  real  significant  problems. 

Another  contribution  which  has  proved  to  be 
of  considerable  use  involves  error  correcting  codes 
in  information  theory.  R.  C.  Bose  is  the  world’s 
foremost  authority  on  error-correcting  codes.  Re¬ 
call  that  information  theory  is  concerned  with  the 
reliable  transmission  of  information  in  a  com¬ 
munication  system.  Discrepancies  between  the 
transmitted  and  the  received  messages  oca  and 
are  generally  attributed  to  noise.  The  central 
problem  is  to  assure  that  the  transmitted  and  re¬ 
ceived  messages  are  as  nearly  alike  as  possible 
commensurate  with  time,  cost,  and  operating  pro¬ 
cedures.  A  logical  solution  to  this  problem  is  to 
invent  an  error-correcting  code — a  short  error- 
correcting  message  transmitted  with  the  original 
message — which  points  out  errors  and  corrects 
them.  Bose  and  his  colleagues  have  made  singular 
outstanding  contributions  in  this  direction.  How¬ 
ever,  the  kernel  of  Bose's  results  is  a  real  mathe¬ 
matical  achievement  apart  from  its  obvious 
applications.  His  results  prove  that  error-correct¬ 
ing  codes  and  fractionally  replicated  statistical 
designs  are  in  essence  the  same  mathematical 
problem,  thus  accelerating  advancement  in  both 
subjects  by  opening  avenues  of  cross-fertilization. 
Bose  and  the  group  at  the  University  of  North 
Carolina  are  currently  working  on  methods  of 
devising  rules  for  obtaining  check  digits  for  check¬ 
ing  message  sequences  in  such  a  way  that  errors 
which  are  more  likely  to  occur  can  be  corrected  or 
detected  with  the  least  amount  of  checking.  Such 
results  will  find  extensive  use  in  modem  digital 
computers  as  well  as  space  communication. 

The  third  achievement  of  the  group  is  significant 
not,  only  because  of  its  contemporary  and  unu¬ 
sual  scientific  importance  but  also  because  of  its 
exceptional  future  potential.  W.  Hoeffding  con¬ 
sidered  tests  of  simple  and  composite  hypothesis 
for  multinormal  distributions.  In  particular,  he 

isa -898  n  a-/  -  c 


showed  that  the  Chi-square  tests  of  simple  and  of 
some  composite  hypothesis  are  inferior  to  the  cor¬ 
responding  likelihood  ratio  tests.  In  addition,  he 
demonstrated  that,  certain  Bayesian  tests  share  the 
same  properties  of  a  likelihood  ratio  test.  The  out¬ 
standing  feature  of  this  research  is  that  it  aban¬ 
dons  the  currently  used  device  of  analyzing  in¬ 
finitely  close  alternatives  to  the  hypothesis  being 
tested  and  uses  for  the  first  time  the  theory  of  large 
deviations  in  deducing  optimal  tests.  Jerzy  Ney- 
man  says  of  these  research  results:  “*  *  * 
Hoeffding’s  paper  goes  further  than  merely  prov¬ 
ing  the  superiority  of  a  particular  test.  In  fact,  it 
is  my  expectation  that  his  paper  is  the  first  section 
of  a  new  and  a  very  important  chapter  in  the 
theory  of  statistics.''  In  addition  he  states, “*  *  * 
Hoeffding’s  paper  clearly  indicates  that  the  poten¬ 
tial  of  the  device  of  infinitely  close  alternatives  as 
a  means  of  deducing  optimal  tests  is  already  spent, 
and  that  it  should  be  replaced  by  some  other  more 
effective  device,  and  ‘probabilities  of  large  devia¬ 
tion’  seems  an  excellent  promise.”  The  results  of 
this  research  are  also  of  considerable  interest  to 
the  user  of  statistics. 

Another  outstanding  research  effort  in  prob¬ 
ability  theory  ar.d  mathematical  statistics  is  under 
the  leadership  of  J.  Wolfowitz  at  Cornell  Univer¬ 
sity.  Wolfowitz’  primary  fields  of  study  are  mathe¬ 
matical  statistics  and  information  theory.  His 
current  research  interests  are  directed  toward  im¬ 
proving  the  existing  theory  of  generalized  maxi¬ 
mum  likelihood  estimators  in  several  important 
respects;  e.g,,  finding  relatively  weak  sufficient 
conditions  for  the  existence  of  asymptotically  effi¬ 
cient  estimators,  developing  routine  methods  for 
finding  generalized  maximum  likelihood  estima¬ 
tors,  and  obtaining  significant  results  for  the  multi¬ 
parameter  case.  Ht  is  also  investigating  some 
aspects  of  information  theory;  e.g.,  two-way  chan¬ 
nels,  estimation  of  the  exponential  error  bound  as 
well  as  problems  connected  with  Markovian  chan 
nels,  fidelity  criterion,  and  sequential  decoding. 
Space,  or  more  precisely,  limited  space,  will  only 
allow  us  to  single  out  several  of  the  outstanding 
achievements  of  Wolfowitz  and  his  colleagues  be¬ 
ing  supported  by  AFOSR. 

In  a  joint  research  effort.  Wolfowitz  and  Kiefer 
laid  the  foundation  of  the  modern  theory  of  design 
of  regression  experiments.  Recall  that,  in  regres¬ 
sion  analysis  we  distinguish  between  an  independ¬ 
ent  variable  and  a  dependent  variable.  We  assume 
that  corresponding  to  each  value  of  the  independ- 
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ent  variable  is  normally  distributed  and  that  the 
mean  value  of  the  dependent  variable  is  given  as 
a  function  of  the  independent,  variable;  e.g.,  a 
polynomial  expression.  Regression  analysis  tech¬ 
niques  give  us  a  method  for  determining  the  vari¬ 
ance  of  the  dependent  variable  as  well  as  the 
parameters  of  the  function  expressing  the  mean  of 
the  dependent  variable;  i.e.,  in  this  case,  the  co¬ 
efficients  of  the  above-mentioned  polynomial. 

Wolfowitz  has  also  made  outstanding  contribu¬ 
tions  to  information  theory.  0.  Shannon  originally 
formulated  and  conjectured  many  of  the  results 
that  are  now  termed  information  theory.  The  de¬ 
finitive  development  of  this  entire  area :  the  mathe¬ 
matics  of  information  theory,  on  a  rigorous  basis 
has  been  accomplished  for  the  first  time  by  Wolfo¬ 
witz.  The  results  are  summarized  in  a  recent  pub¬ 
lication  (“Coding  Theorems  of  Information 
Theory,”  J.  Wolfowitz;  .Springer- Verlag) .  There 
he  describes  and  proves  most  of  the  known  exist¬ 
ence  theorems  of  information  theory.  He  treats 
various  types  of  information  channels,  e.g.,  general 
discrete  channels,  channels  with  memory  and  with¬ 
out  memory,  channels  with  stochastically  deter¬ 
mined  states,  etc. 

Recently  Professor  Wolfowitz  has  given  a  new 
and  very  sweeping  method  of  solution  for  the 
problem  of  asymptotic  efficiency  of  estimators. 
His  method  solves  the  problem  for  all  classical 
cases  and  many  other  problems  for  which  no  solu¬ 
tion  has  ever  been  given. 

Space  limits  us  to  singling  out  only  a  few  re¬ 
sults  for  detailed  analysis  although  there  are  many 
equally  outstanding  research  projects  in  SRMM’s 
statistics  and  probability  theory  support  port¬ 
folio.  We  shall  give  brief  mention  of  only  a  few. 
For  example,  at  the  University  of  Minnesota  there 
are  several  noteworthy  projects.  Professor  Orey, 
while  working  on  potential  theory  for  recurrent 
Markov  chains,  introduced  the  idea  of  a  Martin 
boundary  for  recurrent  chains.  Professor  Rubin 
has  made  substantial  contributions  to  the  general 
theory  of  multivariate  birth  and  death  processes 
in  which  the  stochastic  interaction  between  the 
various  states  (stages  of  a  disease,  different  em¬ 
ployment  groups,  etc.)  can  be  represented  by  a 
single  fundamental  parameter.  He  developed  a 
method  of  estimating  this  parameter  from  the  ob¬ 
served  fluctuations  in  time  of  the  “densities”  of 
individuals  in  the  various  states.  He  also  made  con¬ 
tributions  in  statistical  mechanics  concerning  the 
fluctuation  of  colloidal  and  gas  molecule  concen¬ 


trations  under  diffusion  equilibrium.  Specifically, 
he  studied  the  fluctuation  of  component  cell  con¬ 
centrations. 

Hoel  at  the  University  of  California  at  Los  An¬ 
geles  has  made  substantia]  contributions  to  the 
classical  theory  of  linear  regression.  He  has  worked 
on  the  problem  of  optimum  design  for  polynomial 
regression  and  on  the  problem  of  determining  the 
effects  of  correlation  on  interpolation  and  extra¬ 
polation  by  means  of  polynomial  regression.  He 
has  obtained  optimum  designs  for  both  one  and 
higher  dimensional  polynomial  regression  and  for 
trigonometric  regression  on  the  sphere. 

In  conclusion  it  seems  appropriate,  indeed  nec¬ 
essary,  to  include  the  research  accomplishments 
and  directions  of  K.  L.  Chung  of  Sr m ford  Uni¬ 
versity.  Chung  is  one  of  the  country's,  if  not  the 
world’s,  outstanding  probubilists.  Ho  is  one  of  the 
principal  developers  of  the  theory  of  Markov  proc- 
»  ^ses  (for  an  excellent  example  of  a  Markov  proc¬ 
ess  see  “Theory  of  Markov  Processes,"  E.  B.  Dyn- 
kin,  Prentice- Hall,  Inc.,  1961).  Chung’s  current 
research  interests  include  the  study  of  boundary 
theory  for  Markov  chains  where  sudden  exits  to 
infinity  are  possible  as  well  as  the  study  of  proba¬ 
bilistic  potential  theory  and  the  application  of 
probability  theory  to  the  extended  Dirichlet  prob 
lem  for  multiplying  superlmrn.anic  functions. 

This  article  briefly  describes  the  important  dis¬ 
ciplines  of  probability  theory  and  mathematical 
statistics  in  an  effort  to  convey  sonm  feeling  for 
the  subjects,  what  they  involve,  how  they  are  re¬ 
lated,  what  they  can  and  cannot  do  for  us,  end  to 
point  out  some  of  the  significant  achievements  of 
the  past  few  years.  Reliability  theory  is  becoming 
an  important  area  of  consideration  for  the  Air 
Force  and  national  defense.  It  is  common  knowl¬ 
edge  that  the  development  of  missile  and  space 
technology  has  brought  about  substantial  progress 
in  the  practice  of  reliability  and  reliability  growth 
analysis.  This  work  has  stimulated  activities  in 
many  directions,  including  the  development  of 
more  sophisticated  failure  distributions.  Mathema¬ 
ticians  have  not  extensively  cultivated  the  prob¬ 
lem  of  the  statistical  estimation  from  test  data  of 
parameters  such  as  empirical  descriptions  and  op¬ 
timizations  of  reliability  growth  during  engineer¬ 
ing  development  programs,  or  the  formulation  of 
explicit  probabilistic  growth  mocUds  based  on  on¬ 
site  statistical  descriptions.  The  next  logical  step 
is  to  stimulate  a  definitive  development  of  the 
mathematics  of  reliability  theory. 


Nonlinear  Partial  Differential 
Equations 

I)r.  Robert  G.  Fourth 

The  qualitative  theory  of  partial  differential 
equations  is  an  important  part  of  contemporary', 
physically  oriented  mathematics.  AFOSR  sup¬ 
ports  a  major  research  program  in  this  area,  in¬ 
cluding  efforts  at  many  of  the  Nation’s  leading 
research  centers  by  leading  research  mathemati¬ 
cians.  A  special  feature  of  this  program  is  its  con¬ 
cern  for  the  solution  of  quasi-linear  and  (strictly) 
nonlinear  equations. 

Generally  speaking,  all  phenomena  of  our 
"physical  environment"  can  l»e  described  mathe¬ 
matically.  This  description  can  take  the  form  of  a 
differential  equation.  Consequently,  and  in  this 
contest,  the  so-called  mathematical  model  of  any 
physical  phenomenon  is  a  differential  equation. 
The  differential  equation  itself  is  simply  a  stated 
relation  l>et\veen  certain  physical  observables  or 
representations  of  them  and  the  changes  which 
occur  among  them  over  a  period  of  time.  It  is  a 
mathematical  expression  which,  in  its  "statement,” 
relates  the  mathematical  representations  of  the 
observations. 

The  solution  of  a  differential  equation  is  another 
(second)  mathematical  expression  related  to  the 
first,  which  describes  a  single  one  of  the  observ¬ 
ables,  explicitly,  in  terms  of  the  others.  The,  dif¬ 
ference  between  an  ordinary  differential  equation 
and  a  partial  differential  equation  can  be  simply 
stated.  The  former  includes  a  single  independent 
observable,  and  a  single  dependent  one  which 
varies  (in  some  way)  with  or  dependent  upon  the 
independent  variable.  On  the  other  hand,  a  partial 
differential  equation  includes  more  than  one  inde¬ 
pendent  observable  with  which  a  dependent  one 
varies.  This  simple  difference,  which  can  be  de¬ 
scribed  as  a  mathematical  difference  involving 
independent  and  dependent  var  iables,  has  a  sig¬ 
nificant  physical  counterpart.  That  '’ounterpart  is 
an  important  dichotomy  in  the  manner  in  which 
physical  phenomena  can  be  viewed. 

In  the  first  case,  a  physical  process  is  viewed  as 
being  composed  of  elementary  particles  which, 
while  they  may  change  position  in  a  space-time 
framework,  are  themselves  unaffected  in  the  proc¬ 
ess.  The  process  is  described  by  an  ordinary  dif¬ 
ferential  equation.  It  is  the  classical  description  of 


Newtonian  mechanics.  A  contemporary  example  is 
the  description  of  the  path  of  a  ballistic  missile  in 
which  time  is  the  independent,  variable  and  the 
distance  traveled  is  the  dependent  variable. 

The  alternate  description  of  physical  phenom¬ 
ena  is  exemplified  by  the  field  theory  in  physics,  in 
which  physical  processes  are  determined  by  field 
quantities  which  depend  not  only  upon  time  but 
upon  three  additional  independent  space  coordi¬ 
nates,  or  a  total  of  four  independent  variables.  It 
is  the  classical  description  of  electromagnetic  phe¬ 
nomena  and  optics.  A  contemporary  example  is  the 
description  of  the  vibration  of  a  membrane  or  a 
portion  of  the  surface  of  an  aircraft.  The  vibration 
of  a  two-dimensional  membrane  is  described  in 
terms  of  time  and  two  additional  independent 
space  coordinates  for  a  total  of  three  independent 
variables;  the  dependent  variable  is  the  displace 
inent  or  distortion  of  the  membrane  from  its  point 
of  equilibrium  or  rest. 

Another  major  and  important  classification  of 
differential  equations  is  according  to  their  line¬ 
arity  or  nonlinearity.  When  the  dependent  vari¬ 
able  and  its  derivatives  (i.e.,  mathematical  expres¬ 
sions  for  the  change  of  one  observable  with  respect 
to  another)  occur  to  the  first  degree  or  power  only 
in  a  differential  equation,  and  not  as  higher  powers 
or  products  (with  one  another),  the  equation  is 
termed  linear.  Otherwise  it  is  termed  nonlinear. 
A  reasonably  important  class  uf  nonlinear  partial 
differential  equations  is  termed  quasi-linear.  A 
quasi-linear  equation  is  one  in  which  the  highest 
order  derivatives  of  the  dependent  variable  are 
linear  (and  by  implication  other  derivatives  or 
parts  of  the  equation  are  not) . 

Generally  shaking,  linear  and  nonlinear  differ¬ 
ential  equations  and  mathematical  methods  for 
their  solution  differ,  often  to  a  marked  degree.  And 
again,  the  physical  phenomena  which  give  rise  to 
each,  which  may  be  termed  linear  and  nonlinear 
phenomena,  also  differ,  again  often  to  a  marked 
degree. 

The  formulation  of  a  differential  equation  as  a 
mathematical  model  for  physical  phenomena,  and 
the  invention  of  techniques  for  its  solution,  first 
occurred  (more  or  less)  with  the  invention  of  the 
calculus,  and  a  formalism  for  treating  mathemati¬ 
cal  variables  and  the  observable  changes  of  one 
variable  with  resoect  to  another  (the  derivative 
of  one  variable  with  respect  to  another). 

Throughout  the  years  mathematical  concern  for 
the  projter  formulation  and  solution  of  partial 
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differential  equations  has  continued.  While  a  gen¬ 
eral  theory  or  perhaps  a  body  of  theory  was 
created  for  the  solution  of  ordinary  differential 
equations,  comparable  developments  for  the  solu¬ 
tion  of  partial  differential  equations  did  not  oc¬ 
cur.  The  interest  of  mathematicians  in  the  latter 
problems  never  waned,  was  on  occasion  directed 
to  the  fcrmulation  of  general  theories,  and  on 
occasion  directed  to  the  study  of  specific  equations, 
in  particular  as  the  latter  arose  in  physical  con¬ 
tests.  But  an  appropriate  overall  framework  for 
their  formulation  and  solution  was  not  evolved. 

A  dramatic  change  began  in  the  latter  1940’s, 
with  the  development  of  the  theory  of  distribu¬ 
tions  or  generalized  functions  in  the  context,  of 
the  modem  theory  of  topological  vector  spaces. 

The  distinguished  history  of  mathematical  in- 
vention  is  characterized  by  certain  broad  and  gen¬ 
eral  trends,  one  of  which  is  most  often  attributed 
to  the  mathematician  D.  Hilbert  (1862-1943).  It 
is  to  generalize  and  simplify.  Mathematicians, 
faced  with  seemingly  intractable  problems,  often 
generalize  and  to  the  mathematical  outsider  en¬ 
large  their  problem.  In  a  manner  of  speaking, 
they  consider  not  one  problem  but  an  entire  series 
of  somewhat  similar  problems,  simultaneously. 
Again  in  a  manner  of  speaking,  the  essential  and 
major  difficulties,  in  this  fashion,  become  clearer. 
As  one  result,  the  initial  and  intractable  problem, 
in  its  individual  and  intractable  context,  is  solved 
in  a  broader,  clearer,  and  more  simple  context, 
stripped  of  all  but  its  essential  features. 

The  price  which  a  mathematician  willingly  pays 
for  this  is  “abstraction,"  the  creation  of  new  areas 
of  mathematics  which  seem,  again  to  the  mathe¬ 
matical  outsider,  to  be  further  and  further  re¬ 
moved  from  the  physical  problems  which  initiated 
the  original  concern.  That  impression  is  naive  and 
incorrect,  For  the  reward  of  this  activity  is  the 
solution  of  not  only  an  initial  physical  problem 
but  of  a  wide  range  of  physical  problems.  Since 
they  all  can  be  solved  in  a  single  new  (and  ad¬ 
mittedly  abstract)  contect,  they  can  be  solved  thus 
more  simply. 

A  distribution  or  generalized  function  is  what 
the  letter  words  imply,  a  more  general  type  of 
mathematical  function  which  includes  the  older 
type  and  definition  of  function.  (A  function  is  a 
mathematical  expression  involving  mathematical 
variables) .  In  its  older  context,  u  generalized  func¬ 
tion  is  a  certain  type  of  functional  (which  will  not 
be  defined  here) . 
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A  topological  vector  space  is  'again)  a  gener¬ 
alization  and  an  abstraction.  Its  earliest  and  most 
primitive  forebearer  is  the  space  of  elementary 
iMuilyti<  geometry.  Extend  such  »  space  to  a  vector 
space:  extend  the  properties  of  the  “real  line” 
coordinate  system  to,  simply,  continuity  in  space 
(i.e.,  a  topological  space).  The  end  results,  m  very 
unmathematical  terms,  is  a  topological  vector 
space. 

The  solution  of  a  partial  differential  equation, 
by  a  generalized  function  solution  in  a  topologi¬ 
cal  vector  space  thus  initiated,  in  1950-51,  one 
of  the  most  dramatic  developments  of  modern 
mathematics. 

What  has  happened  in  this  area  since  the.  initial 
breakthrough  includes,  more  or  less,  the  definitive 
and  complete  qualitative  solution  of  partial  differ¬ 
ential  equations  with  constant  coefficients  of  arbi¬ 
trarily  high  order. 

Qualitative  solution  refers  to  the  formulation  of 
precise  mathematical  models,  differential  equa¬ 
tions,  which  have  a  solution.  (A  mathematical 
expression  which  includes  variables  and  deriva¬ 
tives  need  not  necessarily  apply  to  the  given  or  any 
physical  phenomenon,  nor  have  any  solution). 
That  solution  must  be  unique  (mathematical  char¬ 
acterizations  of  a  physical  phenomenon  may  be.  too 
general,  and  include  a  wide  range  of  similar 
physical  phenomena  distinguished  by  detail  over¬ 
looked  in  the  initial  mathematical  formulation). 
Furthermore,  that  solution  must  be  stable.  The 
latter  phrase  is  an  important  one  in  particular  for 
all  physical  applications  of  the  equation  and  its 
solution.  It  involves  the  following  considerations. 
Applications  of  mathematical  results  to  physical 
phenomena  involve  quantitative  measurements; 
i.e.,  numbers.  If  the  initial  quantitative  measure¬ 
ments,  or  judgments,  which  resulted  in  the  formu¬ 
lation  of  the  differential  equation  were,  somehow, 
inessential  and  in  a  manner  of  speaking  divorced 
from  basic,  major,  stable  quantities,  relatively 
minor  changes  in  their  numerical  values  often  re¬ 
sult  in  major  changes  in  the  numerical  values  of 
the  solution,  and  render  that  solution  valueless 
for  application  to  problems  of  the  real  world. 

An  important  point  and  one  worth  related 
emphasis:  Unless  the  qualitative  theory  of  partial 
differential  equations  is  mathematically  estab¬ 
lished  (mathematically  proved)  in  all  these  par¬ 
ticulars,  the  numerical  calculation  of  the  solution, 
which  very  often  is  achieved  by  use  of  a  modern 
high-speed  computer,  will  involve  the  following; 


(1)  if  the  solution  does  not  exist,  the  computer 
may  “spin  its  wheels”  endlessly  in  attempting  to 
calculate  it:  (2)  if  a  solution  is  not  unique,  the 
computer  may  single  out  one  (incorrect)  solution 
or  combine  the  data  from  a  range  of  solutions  and 
render  the  results  meaningless:  or.  (3)  if  the  solu¬ 
tion  is  not  stable,  slight  fluctuations  in  the  data 
result  in  inaccuracies  in  the  solution  which  again 
render  it  meaningless,  and  make  it  necessary  to 
begin  all  over  again  in  formulating  the  problem 
toobtain  a  correct  solution. 

A  partial  differential  equation  in  contemporary 
notation  appears  as  />«  =  (?,  where  If  is  a  differ¬ 
ential  operator  and  u  is  the  dejiendent  variable 
referred  to  previously,  A  contemporary  prob¬ 
lem  is  the  search  for  projierties  of  /■>  or  rather  of 
its  associated  characteristic  polynominal  which  are 
intrinsic,  in  the  sense  that  they  are  more  or  less 
equivalent  to  properties  of  the  solution.  The  first 
complete  results  are  due  to  I.  Petrovsky.  Among 
other  results,  he  proved  that  the  existence  of  an¬ 
alytic  solutions  for  the  above  equation  is  equivalent 
to  11  certain  condition  on  the  characteristic  poly¬ 
nominal,  for  differential  operators  with  constant 
coefficients. 

L.  Schwartz,  the  creator  of  the  theory  of  distri 
butions  or  generalized  functions,  pointed  out  that 
these  two  conditions  were  equivalent  if  u  were 
assumed  to  be  a  generalized  function.  The  exploita¬ 
tion  of  these  ideas^in  particular,  by  L.  Hormander 
but  including  a  number  of  other  mathematicians, 
has  resulted  in  the  more  or  less  definitive  solu¬ 
tion  of  systems  of  partial  differential  equations 
with  constant  coefficients  of  arbitrarily  high  order: 
in  particular,  the  qualitative  establishment  of  the 
existence  and  uniqueness  of  their  solutions. 

This  rather  surprising  statement  would  have 
stretched  the  credibility  of  most  mathematicians, 
some  25  or  less  years  ago.  Nor  is  that  the  extent 
of  progress  in  these  directions.  The  important 
solution  of  linear  elliptic  differential  equations, 
and  still  more  recently  of  quasi-linear  elliptic 
differential  equations,  is  to  all  intents  and  purposes 
essentially  complete.  Similar  powerful  and 
abstract  methods  in  modern  analysis,  functional 
analysis,  and  topology  again  proved  surprisingly 
effective.  This  is  illustrated  by  just  one  series  of 
developments. 

AFOSR  sponsored  a  summer  seminar  in  applied 
mathematics,  held  at  the  University  of  Colorado 
in  the  summer  of  1957.  At  that  time,  the  theory 
of  linear  elliptic  differential  equations  was  ap¬ 


proaching  its  essentially  complete  solution.  At 
about  the  same  time,  E.  DiGiorgi  and  J.  Nash 
independently  achieved  significant  breakthroughs 
in  the  solution  of  quasi-linear  elliptic  equations  in 
divergence  form.  The  successful  extension  of  their 
results,  in  particular  through  the  intimate  con¬ 
nection  between  the  divergence  form  of  the  equa¬ 
tion  and  the  calculus  of  variations,  was  a  dominant 
feature  of  the  AFOSR  Symposium  in  Differential 
Equations  at  the  University  of  California.  Berke¬ 
ley,  in  April  1960.  The  still  more  recent  solution 
of  quasi-linear  elliptic  equations  in  the  more  di¬ 
rectly  stated  nondivergence  form  has  been  essen¬ 
tially  achieved  by  O.  Ladyzhenskaya  and  N. 
Urahseva,  two  Soviet  mathematicians  (1964),  and 
by  X.  Trudinger.  a  research  assistant  under  the 
AFOSR  group  program  at  Stanford  University 
(1966). 

Other  research  directions  in  partial  differential 
equations  evidenced  at  the  Berkeley  symposium, 
and  their  subsequent  development,  were  examined 
in  depth  at  the  Symposium  in  the  Applications  of 
Nonlinear  Partial  Differential  Equations  in 
Mathematical  Physics,  in  New  York  City,  in  April 
1964.  Their  importance,  and  the  extent  of  the 
mathematics  division's  commitment  to  their  con¬ 
tinued  exploitation,  cannot  be  overemphasized. 

An  interesting  historical  perspective  of  these 
developments  is  provided  by  the  following  observa¬ 
tion.  In  an  era  (the  last  20-25  years)  now  being 
called  the  golden  age  of  mathematics,  the  develop¬ 
ments  described  above:  i.e.,  the  solution  of  partial 
differential  equations  by  generalized  functions  in 
the  context  of  topological  vector  spaces,  is  thought 
by  many  mathematicians  to  be  the  single  most  im¬ 
portant  physically-relizable  development  in  all  of 
mathematics. 

To  such  ends,  AFOSR  encourages  and  supports 
major  group  efforts,  coordinated  and  relatively 
large  programs,  at  leading  research  centers  in  this 
country  in  this  research  area.  These  include  the 
Courant  Institute  of  Mathematical  Sciences  at 
New  York  University,  the  University  of  Minne¬ 
sota,  the  University  of  California  at  Berkeley,  and 
Stanford  University.  This  is  the  most  significant 
national  program  by  any  Federal  agency  in  this 
research  area.  It  is  also  interesting  to  reflect  that 
all  of  the  AFOSR  European  program,  oontracte 
and  grants  administered  through  EOAR,  include 
investigators  making  significant  contributions  to 
this  same  research  area. 

Recent  AFOSR  research  projects  include  L. 
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Nirenberg  of  the  Courant  Institute,  one  of  the 
world’s  foremost  authorities  in  these  develop¬ 
ments.  His  most  recent  research  interests  include 
a  refinement  of  the  theory  of  singular  ini  zrals 
of  A.  Calderon  and  A.  Zygmund,  precisely  as  such 
techniques  can  be  applied  to  establish  the  existence 
of  solutions  of  partial  differential  equations.  His 
investigations  also  include  consideration  of  ab¬ 
stract  differential  equations  in  a  Banach  space.  In 
conjun -tion  with  S.  Agmon  (Hebrew  University), 
he  is  considering  certain  convexity  inequalities, 
employing  the  techniques  of  functional  analysis 
and  complex  function  theory.  A  third  major  direc¬ 
tion  is  his  consideration  of  the  stability  of  differ¬ 
ence  schemes  for  the  numerical  calculation  of  the 
solutions  of  partial  differential  equations,  in  con¬ 
junction  with  P.  Lax.  A  fourth  is  the  study  of  non- 
elliptic  boundary  value  problems.  He  has  obtained 
and  is  continuing  to  obtain  significant  results  in 
all  these  investigations. 

K.  O.  Friedrichs  of  the  same  institution,  in  con¬ 
junction  with  P.  Lax,  is  examining  certain  sym- 
metrizablo  systems  of  partial  differential  equa¬ 
tions,  part  of  a  continuing  major  research  concent 
of  the  investigators.  He  is  also  continuing  to  in¬ 
vestigate  the  formulation  of  well-posed  problems 
in  mathematical  physics;  i.e.,  the  proper  partial 
differential  equation  model  for  physical  problems. 
His  recent  published  results  in  these  areas  include 
the  development  of  theories  for  the  solution  of 
arbitrary;  i.e.,  not  sjtecifically  elliptic,  parabolic, 
or  hyperbolic,  but  general,  partial  differential 
equations,  related  boundary  value  problems  and 
conditions  which  guarantee  the  unique  generalized 
function  solution  of  such  equations.  He  has  also 
shown  that  many  problems  of  mathematical 
physics  may  be  expressed  and  solved  in  terms  of 
the  theory  of  the  symmetric  positive  systems  so 
developed,  although  in  many  cases  the  result  will 
not  Ite  simple. 

•I.  Serrin  of  the  University  of  Minnesota  is  con¬ 
tinuing  his  research  in  the  calculus  of  variations 
and  the  solution  of  partial  differential  equations, 
in  particular  as  the  two  areas  are  related.  His  re¬ 
cent  publications  concern  various  aspects  of  the 
calculus  of  variations.  In  particular  they  include 
an  elementary  method  for  obtaining  an  a  priori 
estimate  which  cun  l>e  used  to  solve  a  Dirichlet 
problem  (i.e.,  a  boundary  value  problem  for  a 
partial  differential  equation)  under  exceptional 
boundary  conditions.  A  series  of  three  papers  on 
quasi-linear  and  nonlinear  second  order  elliptic 


partial  differential  equations  extends  the  tech¬ 
niques  of  Nash  and  DiGiorgi  (above)  and  .1. 
Moser,  to  describe  the  general  behavior  of  the  solu¬ 
tions  of  such  equations.  In  particular,  he  examines 
the  a  priori  niajorization  of  solutions,  the  nature 
of  removable  singularities,  and  the  behavior  of  a 
possible  solution  in  the  neighborhood  of  an  iso¬ 
lated  singularity.  There  are  remarkable  differences 
in  the  latter  behavior,  as  they  concern  nonlinear 
versus  linear  partial  differential  equations. 

J.  C.  C.  Nitscho  of  the  same  institution  is  investi¬ 
gating  the  structure  of  the  solutions  of  general 
nonlinear  partial  differential  equations,  by  exam¬ 
ining  the  structure  of  the  solutions  of  the  highly 
nonlinear  minimal  surface  equation.  He  has  estab¬ 
lished  the  possibility  of  formulating  and  solving 
Dirichlefs  boundary  value  problem  for  partial 
differential  equations  in  a  convex  domain  under 
unusual  boundary  conditions.  With  these  results 
and  thp  determination  of  a  new  general  maximum 
principle,  he  has  been  able  t  •  examine  questions 
concerning  the  removability  of  isolated  singular¬ 
ities.  He  has  established  some  results  concerning 
the  nonsolvability  of  Dirichlet’s  problem  in  non 
convex  domains.  He  has  further  investigated  cer 
tain  implications  of  nonlinearity  upon  the  be 
havior  of  the.  solutions  of  certain  quasi-linear 
elliptic  equations  and  parabolic  equations.  These 
results  relate  to  those  of  K.  Finn  (Stanford  Uni¬ 
versity),  II.  Jenkins,  and  D.  Aronson,  all  with 
AFOSR  support.  A  final  principal  concern  is  the 
numerical  solution  of  elliptic  equations  by  differ¬ 
ence  methods,  including  a  number  of  related  prob¬ 
lems  in  the  theory  of  polynomial  approximation. 

M.  H.  Protter  of  the  University  of  California, 
Berkeley,  has  continued  his  extensive  examination 
of  partial  differential  equations,  as  generalized  to 
partial  differential  inequalities.  He  has,  in  addi¬ 
tion.  continued  his  research  to  establish  upper  and 
lower  bounds  for  eigenvalues  of  elliptic  operators. 
In  conjunction  with  H.  Weinberger,  a  number  of 
applications  of  the  maximum  principle  for  elliptic 
partial  differential  equations  have  been  examined. 
Their  recent  results  include  the  solution  of  certain 
elliptic  inequalities,  which  in  turn  relate  to  the 
solution  of  elliptic  equations.  He  has  extended  cer¬ 
tain  of  his  earlier  results  on  the  asymptotic  be¬ 
havior  of  the  solutions  of  hyperbolic  equations, 
and  succeeded  in  sharpening  the  results  on  asymp¬ 
totic  decay,  in  particular  when  the  hyperixilic 
operator  is  sepcialized  to  the  wave  operator. 

T.  Kato  of  the  same  institution  has  continued 
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his  related  investigations  concerning  many  differ¬ 
ent  aspects  of  the  theory  of  linear  operators,  in 
Banach  spaces,  with  general  types  of  spectra.  An 
important  applies' ion  relates  such  results  to  par¬ 
tial  differential  >perators  and  singular  integral 
operators.  Some  of  his  most  recent  results  concern 
the  similarity  of  perturbed  and  unperturbed 
operators  in  general  contexts.  He  is  also  continu¬ 
ing  his  research  in  nonlinear  analysis.  By  employ¬ 
ing  the  methods  of  functional  analysis,  he  is  able 
to  examine  abstract  (ordinary  )  differential  equa¬ 
tions,  with  specific  attention  to  the  application  of 
such  results  to  the  Navier-Stokes  equations  and 
other  nonlinear  equations  of  mathematical  phys¬ 
ics.  Other  recent  results  concern  the  singular 
behavior  of  singular  equations;  i.e.,  equations 
governed  by  special  in  particular  nonlinear 
criteria. 

H.  O.  Cordes  of  Berkeley  has  been  concerned 
with  the  establishment  of  so-called  zero  order  a 
priori  estimates  for  solutions  of  elliptic  differental 
equations.  He  has  also  continued  to  examine  the 
generalized  Fredholm  theory  of  partial  differen¬ 
tial  operators.  Particular  directions  here  include 
major  aspects  of  the  theory  of  singular  integral 
operators,  of  linear  partial  differential  opeartors, 
of  the  Fredholm  properties  of  the  oblique  deriva¬ 
tive  and  related  problems. 

I).  Gilbarg  of  Stanford  University  is  continu¬ 
ing  his  previous  research  on  nonlinear  elliptic 
equations  and  on  problems  in  fluid  dynamics.  Re¬ 
cent  developments  indicate  that  many  results 
which  are  important  for  the  theory  of  elliptic 
equations  hold  for  a  wide  class  of  nonlinear  equa¬ 
tions  of  divergence  form,  which  class  is  similar  to 
but  distinct  from  elliptic  equations.  He  intends  to 
extend  his  preliminary  results  in  these  directions 
to  formulate  a  theory  of  nonlinear  equations  of 
divergence  form,  analog  ms  to  the  existing  elliptic 


theory.  Recent  specific  results  concern  boundary 
value  problems  for  nonlinear  elliptic  equations  in 
n  variables,  examined  under  different  ellipticity 
hypotheses. 

R.  Finn,  also  of  Stanford,  continues  to  pursue 
the  research  interests  referred  to  above  in  con¬ 
junction  with  Nitsche’s  work.  Questions  relating 
to  the  structure  of  minimal  surfaces,  and,  more 
generally,  of  surfaces  of  constant  mean  curvature, 
are  important  for  the  resolution  of  many  associ¬ 
ated  questions  related  to  the  solution  of  partial 
differential  equations.  In  addition,  he  is  interested 
in  extending  his  previous  results  on  problems  in 
the  theory  of  partial  differential  equations  as  they 
specifically  relate  to  problems  of  hydrodynamics. 
These  investigations  include  questions  on  the  exist¬ 
ence,  asymptotic  behavior,  and  of  the  singular 
perturbation  related  to  the  exterior  stationary 
problem  for  the  Xavier- Stokes  equations.  He  is 
particularly  interested  in  the  possibility  of  obtain¬ 
ing  stationary  solutions  as  the  limit  of  non  station¬ 
ary  ones. 

The  foregoing  discussion  is  representative  of 
the  research  program  of  AFOSR  in  this  area.  It 
is  by  no  means  exhaustive.  The  important  research 
investigations  of  many  illustrious  mathematicians 
working  in  the  same  general  and  related  directions 
under  the  four  major  group  efforts  described 
above  have  not  been  included,  nor  have  the  im¬ 
portant  research  investigations  of  many  other 
illustrious  mathematicians  working  in  the  same 
area  under  other  contracts  and  grants  of  the 
mathematics  division. 

This  article  or  similar  articles  could  not  be 
exhaustive,  even  in  relatively  restricted  research 
areas  of  the  divisions  program.  No  special  signifi¬ 
cance  should  be  attached  to  the  inclusion  or  ex¬ 
clusion  of  the  research  work  of  any  individuals, 
nor  to  the  chronological  order  in  which  the  items 
chosen  for  discussion  were  presented. 
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Physical  Sciences 


Magnetic  Resonance  Spectroscopy 

Dwight  L.  Wexkkbbten 

The  historical  roots  of  magnetic  resonance 
spectroscopy  are  buried  in  optical,  infrared  and 
ultraviolet  spectroscopy  and  in  the  magnetic 
cooling  (adiabatic  demagnetization)  experiments 
conducted  in  the  19‘20’s.  However,  the  main  branch 
of  magnetic  resonance  spectroscopy  comes  from 
critical  experiments  designed  and  accomplished 
by  Stem  and  Gerlach  in  the  early  1020's  and  in 
1988  by  I.  I.  Rabi,  one  of  Stem’s  many  distin¬ 
guished  students.  These  two  experiments  demon¬ 
strate,  respectively,  space  (laboratory  coordinate) 
quantization  and  energy  state  quantization.  The 
Stem-Gerlach  experiment  is  an  example  of  the 
detection  of  space  quantization  as  measured  for  a 
single  valence-electron  atom,  silver.  The  experi¬ 
ment  verifies  the  quantum  mechanical  prediction 
that  such  an  atom  has  a  net  angular  momentum 
vector  which  assumes  one  of  two  possible  direc¬ 
tions,  up  or  down,  relative  to  a  magnetic  (or  elec¬ 
tric)  field  direction,  and  secondly,  that  there  is 
in  addition  a  net  deflection  up  or  down  in  a 
magnetic  field  with  a  high  gradient,  or  rate  of 
change  of  strength.  With  properly  shaped  pole 
faces  there  is  a  large  change  in  the  intensity  of  the 
magnetic  field  at  various  points  in  the  space  be¬ 
tween  the  magnets.  The  two  patches  of  silver  de¬ 
posited  duplicate  the  slit  outline  approximately 
and  show  the  predicted  separation  into  roughly 
equal  numbers  of  atoms  deflected  up  and  down 
corresponding  to  the  orientation  of  the  various 
atoms’  angular  momentum  vectors.  The  second  ex¬ 
periment  by  Rabi  combined  two  oppositely  ar¬ 
ranged  magnets  with  an  intervening  cylindrical 
electrode  to  permit  introducing  a  radio  frequency 
field  at  right  angles  to  the  direction  of  the  static 
magnetic  field. 

In  simple  terms,  an  arrangement  of  oven,  slit, 
and  vacuum  chamber  produced  a  thin  ribbon  of 
molecules  or  atoms  which  progressed  through  a 
magnet  splitting  into  two  ribbons  dependent  on 
the  right  or  left  random  orientation  of  the  angular 
momentum  vector  of  the  incoming  paTticles.  In 
the  central  region  a  half-slit  or  knife  edge  elimi¬ 


nates  one  of  the  ribbons  by  intercepting  its  path. 
When  the  RF  loop  is  unenergizcd,  the  uninter  - 
cepted  beam  ribbon  will  enter  another  magnet, 
experiencing  an  opposite  deflection  due  to  the 
reversed  gradient  of  this  magnetic  field  and  reach 
the  collector,  usually  a  coated,  hot-wire  detector 
(with  shield)  and  produce  a  measurable  signal. 
When  the  RF  loop  is  driven  with  &  megacycle- 
per-second  signal  transverse  to  the  static  magnetic 
field  direction,  frequencies  can  be  found  for  which 
the  beam  intensity  measured  at  the  collector  de¬ 
creases  or  vanishes.  Additionally,  the  beam  can 
be  "refound  '  if  the  collector  is  moved  to  a  position 
at  twice  the  deflection  distance  from  the  axis  of 
the  instrument  produced  by  the  first  magnet  alone. 
So  evidently,  the  RF  frequency  has  reversed  or 
"flipped"  the  angular  momentum  vector  direction 
of  the  beam  in  the  central  region.  This  is  a  demon¬ 
stration  of  quantum  state  selection  quite  different 
from  the  space  quantization  of  the  earliest  Stem 
Gerlach  arrangement.  In  other  words,  the  atoms 
in  the  beam  absorbed  microwave  energy  and  re 
oriented  their  spin  vectors  to  that  of  a  higher 
energy  state. 

This,  then,  was  the  state  of  magnetic  resonance 
spectroscopy  just  before  World  War  II.  It  is  true 
that  microwave  spectroscopy’s  first  experimental 
finding,  the  inversion  spectrum  of  ammonia,  had 
been  made  in  1934  by  Cleeton  and  Williams,  but 
the  field  was  largely  dormant  because  of  instru¬ 
mental  electronic  difficulties  and  hence  the  uncer¬ 
tainties  in  observed  data. 

At  the  end  of  the  war,  magnetic  resonance  re¬ 
search  Imsed  on  electronic  and  radar  advances 
gave  significant  improvements,  particularly  in¬ 
strumental  versatility'  and  stability.  The  types  of 
instruments  multiplied  and  diversified.  The  meas 
urement  techniques  developed  in  the  same  family 
with  atomic  beam  magnetic  resonance  spectros¬ 
copy  were  microwave  spectroscopy,  nuclear  mag¬ 
netic  resonance,  and  eleotron  spin  resonance. 

P.  Kusch  (7)  in  tracing  the  history  of  magnetic 
resonance  investigations  reports  that  the  atomic 
or  molecular  beam  magnetic  resonance  method  “is 
to  some  degree  the  parent  of  almost  every  tech¬ 
nique  of  modern  spectroscopy — the  nuclear  mag¬ 
netic  resonance  method,  microwave  spectroscopy, 
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optica)  pumping,  paramagnetic  resonance  (ESR) 
and  still  other  s|»ertroscopic  methods." 

As  cun  be  ex|>ceted,  each  of  the  exjieriniental 
techniques  has  particular  strengths  for  certain 
H'jxw  of  investigations.  Microwave  »pect roseopy 
floweret)  and  reached  full  maturity  first  by  trans¬ 
ferring  Wor'  War  II  electronic  techniques  with 
imagination  imf  vitli  only  moderate  further 
development. 

This  technitpi  .vas  particularly  appropriate  t«. 
and  used  for  a  •  de  variety  of  investigations  of 
molecular  structural  or  geometric  configuration 
studies.  A  more  detailed  review  of  this  area  is  cov¬ 
ered  elsewhere  in  this  volume.  A  possibly  more 
elegnnt  description  was  offered  by  H.  C.  Lnnguet- 
Higgins  (2)  in  his  introduction  to  the  first  session 
of  the  19th  meeting  of  the  Faraday  Society  at 
Cambridge,  in  1955,  where  lie  said,  “microwave 
spectroscopy  provides,  in  fact,  the  most  accurate 
method  for  determining  the  geometry  of  simple 
molecules,  and  is  becoming  increasingly  useful  (to 
the  chemist )  as  a  tool  for  measuring  internal  bar¬ 
riers  to  internal  rotation.” 

Additional  developments  included  adaptatirn 
of  the  heavy  water,  IIDO,  microwave  oscillator 
as  an  inexpensive  frequency  standard  by  AFOSR 
contractor  Y.  Beers  of  New  York  University  in  the 
late  1950V  for  an  urgent  Navy  need.  The  short¬ 
term  frequency  stability  was  about  1  in  10*  with 
much  less  auxiliary  equipment  required  than  the 
ammonia  or  cesium  atomic  clocks  of  that  period. 

It  is  interesting  to  note  that  microwave  spectros¬ 
copy  is  an  absorption  process,  where  energy  is 
absorbed  in  exciting  low-lying  states  near  the 
ground  state  at  ordinary  temperatures.  The  in¬ 
verse  process,  stimulation  of  energy  release  by 
excited  molecular  states  in  returning  to  the  ground 
state,  provides  a  mechanism  for  controlled,  coher¬ 
ent  oscillation  or  amplification.  This  is  obviously 
the  maser.  AFOSR  helped  support  the  work  of 
Charles  Townes  through  the  joint  services  elec¬ 
tronics  program  and,  later,  on  the  application  of 
the  maser  to  the  amplification  of  radio  astronomy 
microwave  signals,  and  a  test  of  this  low-noise 
temperature  device  on  a  radio  astronomy  dish  at 
the  Naval  Research  Laboratory.  This  effort  was 
made  with  the  encouragement  and  approval  of  the 
Navy  in  sort  of  an  inverse  process  to  that  involved 
in  Yardley  Beers’  research  on  the  medium-accu¬ 
racy  clock  mentioned  earlier. 

Nuclear  magnetic  resonance  spectroscopy  was 
also  supported  widely  by  AFOSR.  This  technique. 


discovered  independently  in  the  United  States  and 
I’.S.S.R.  just  after  the  war,  uses  a  very  homoge¬ 
nous  magnetic  field  in  the  thousands-of-gauss 
region  and  radio  frequencies  in  the  megacycles- per- 
second  range.  It  is  useful  for  determining  nuclear 
moments,  nuclear  spins,  nuclear  quadropole  (elec¬ 
tric  )  moments,  nuclear- lattice  coupling  in  crystals, 
nuclear  spin-lattice  relaxation  times,  and— by  cal 
culation — molecular  bond  lengths,  lxind  strengths, 
and  geometry.  It  is  a  particularly  sensitive  tool 
for  determining  structural  and  local  molecular 
environments  relating  to  hydrogen  atoms  in  mole- 
rules  so  rapidiy  became  a  useful  tool  that  moved 
from  physics  to  chemistry. 

Electron  spin  resonance  (e.s.r.)  or  electron  para¬ 
magnetic  resonance  as  the  Oxford  group  named  it, 
followed  hard  on  the  heels  of  n.m.r.  This  spectros¬ 
copic  technique  deals  with  resonance  phenomena 
of  unpaired  or  spin  uncompensated  electrons  in 
molecular  ions,  free  radicals  and  transition  ele¬ 
ment  atoms.  Since  the  magnetic  dipole  moment  of 
the  electron  is  nearly  equal  to  that  of  the  proton 
with  a  mass  of  one  eighteen-hundredths  as  much, 
strong  magnetic  fields  and  higher  radio,  really 
microwave,  frequencies  are  required  to  observe  elec¬ 
tron  resonances.  Typically,  the  parameters  are 
10,000  gauss  fields  and  gigacycle  ( 10')  frequencies. 
Such  research  efforts  were  conducted  frequently  by 
an  association  among  scientists  of  different  dis¬ 
ciplines.  One  of  the  more  productive  groujts  sup¬ 
ported  by  AFOSR  was  at  Washington  University, 
St.  Louis.  Studies  there  (<J)  were  accomplished 
jointly  by  physicists  and  chemists  with  the  some¬ 
time  participation  of  life  scientists.  Separate 
chemical  and  life  science  programs  are  supported 
now  by  sponsors  other  than  AFOSR. 

This  sort  of  transition  of  a  tool  from  one  scien¬ 
tific  discipline  to  another  raises  management  or 
administrative  problems  for  a  government  spon¬ 
sor.  In  p.m.r./e.s.r.  research,  the  interdisciplinary 
trained  groups  “measured”  and  interpreted  almost 
anything  that  gave  a  good  signal,  initially.  This 
was  understandable  as  the  early  development  pe- 
riod  of  a  new  technique  is  an  appropriate  time  for 
proof  of  the  experimental  stability  and  sensitivity 
of  the  equipment  by  all  possible  means.  In  addi¬ 
tion,  the  validity  of  simple  theoretic  models  first 
was  substantiated  along  with  the  various  selection 
rules  of  quantum  mechanics  that  had  grown  up  in 
flip  art  of  optica!  spectroscopy.  Soon  a  point  was 
reached  when  proposals  were  being  received  by 
federal  monitors  where  there  was  a  serious  ques- 


tion  ms  to  whether  requests  for  sponsorship  of  new 
instrumentation  and  research  support  was  reach¬ 
ing  •‘cookbook"  or  engineering  handbook  phase. 
•Such  proposals  came  in  considerable  numbers  from 
recent  Ph.  D.’s  trained  under  the  initial  groups 
and  from  other  scientists  in  related  endeavors  The 
program  monitor  then  had  a  real  problem  in  select¬ 
ing,  from  this  point,  only  those  specific  proposals 
actually  falling  within  his  scientific  areas  of 
responsibility. 

In  1957  General  Physics  accepted  its  last  pro¬ 
posal  to  manufacture  or  wind  a  strong  electro¬ 
magnet.  The  art  was  at  a  stage  that  even  with  the 
availability  of  graduate  students  it  was  more  eco¬ 
nomical  in  real  project  dollar  costs  to  buy  a 
ready-built  magnet.  In  this  atmosphere,  the  fields 
of  p.m.r.  and  ejf.r.  reached  full  maturity  around 
1958.  With  hundreds  of  investigations  underway 
in  the  1950’s,  it  is  difficult  to  rank  major  advances 
even  among  the  modest  fraction  of  those  programs 
of  atomic  and  molecular  physics  supported  by 
AFOSR.  Representative  advances  can  be  found  in 
each  of  many  group  researches. 

For  instance,  James  Burgess  became  interested 
in  the  theoretical  models  for  the  complex  inter¬ 
actions  occurring  among  magnetic  vectors  and 
spins  during  his  doctoral  program  at  Washington 
University.  He  developed  the  first  applications  of 
density  matrices  to  spin  resonances  there,  then  ex¬ 
tended  the  density  matrix  work  at  Stanford,  again 
with  AFOSR  support,  to  include  application  to 
spin  couplings— a  more  complex  situation.  Its 
solution  was  required  before  the  full  potential  of 
e.s.r.  could  be  used  in  interpreting  complex  spectra 
being  obtained  as  instrumental  sensitivity  was 
increased. 

G.  Pake,  former  physics  advisory  group  mem¬ 
ber  and  contractor,  assesses  (4)  the  e,s.r.  studies 
of  free  radicals  conducted  by  S.  I.  Weissman  and 
associates  as  having  one  of  the  more  importantly 
significant  impacts  on  physics  and  chemistry  of 
the  late  1950’s.  This  group,  which  started  with 
ONK  support  and  was  then  AFOSR  supported 
from  1958,  predicted  and  discovered  the  techniques 
of  measuring  and  identifying  the  hyperfine  split¬ 
tings  of  the  electron  resonances  of  flee  radicals 
that  arise  from  nuclear  hyperfine  interactions  with 
the  unpaired  electron.  This  proved  that  intermedi¬ 
ates  in  reactions  could  lie  identifier!  and  addition¬ 
ally  that,  minute  amounts  of  rare  or  impurity 
nuclei  down  to  about  1  part  per  billion  could  be 
quantitatively  identified.  A  further  accomplish¬ 


ment  under  AFOSR  support  included  a  significant 
theoretical  improvement.  It  was  the  finding  that 
liquid  solutions  of  normally  crystalline  materials 
ronid  be  used  to  average  away  anisotropic  hyper 
fine  couplings  for  free  radicals  and  thus  provide 
clearer  data  from  the  simplified  or  uncomplicated 
splittings  to  calculate  the  magnitude  of  the  elect  ron 
wave  function  at  the  nucleus.  This  was  of  great 
significance  to  both  theoretical  atomic  and  molec¬ 
ular  physics  and  reaction  rate  chemistry,  par¬ 
ticularly  to  the  direct  measurement  by  e.s.r.  tech¬ 
niques  of  reaction  rates  by  identifying  the  relative 
concentrations  of  the  molecules  and  molecular  ions 
where  the  reaction  goes  on  in  solution.  Physical 
biologists  had  used  electron  transfer  mechanisms 
with  free  radical  intermediates  in  their  theoretical 
models  of  many  life  processes  at  molecular  level. 
ESR  now  provided  n  technique  for  identifying 
some  of  the  simplier  ones,  particularly  photo  sensi¬ 
tive  processes.  Additionally,  some  animal  tissue 
studies  were,  made  by  the  Washington  University 
group  (5).  Here  minute  samples  of  human  liver 
were  obtained  by  nonsurgical,  needle  biopsies  and 
tested  in  glucose  solution  for  e.s.r.  Large  signals 
were  found  to  indicate  a  form  of  jaundice  where 
operative  procedures  would  lie  of  help  to  the 
patient. 

Tremendous  improvements  were  made  in  the 
[lost war  period  on  atomic  and  molecular  beam 
magnetic  resonance  techniques  and  instrumenta¬ 
tion  starting  about  1950.  These  were  based  on  two 
fundamental  discoveries.  First  was  the  Lamb  shift 
in  1947,  tlint  the  displacement  of  the  resonance 
point  of  a  bound  state  energy  level  due  to  radia¬ 
tive  corrections  did  not  follow  the  Dirac  predic¬ 
tions.  The  second  was  Kusch’s  verification  in  1948 
that  the  spin  magnetic  moment  of  the  electron  is 
0.01  percent  higher  than  expected,  1.0011  Bohr 
magnetons.  These  two  advances  allowed  the  full 
six-figure  accuracy  of  ex|ieritnents  to  be  applied  to 
precision  energy  state  measurements  and  identifica¬ 
tion  using  atomic  or  molecular  beams.  Two  such 
studies  can  lie  cited  to  support  this  thesis. 

The  University  of  California,  Berkeley,  has  a 
large  AEO-supported  program  in  fusion  and  fis¬ 
sion  research.  One  gr<  p  under  Nierenberg  and 
Slmgart  identified  the  first  atomic  parameters  of 
the  transuranic  element  plulnnium-'J.'l!)  for  A  EC 
in  1957.  Others  have  followed.  Parameters  such  ns 
nuclear  spin,  magnetic  moments,  quudropole  mo¬ 
ments  and  hyperfine  structure  separation  of  many 
transuranic  elements  have  been  measured.  From 
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1958  to  1964,  AFOSR  supported  a  users  program 
on  these  facilities  at  modest  cost.  The  program 
dealt  in  a  large  part  with  the.  atomic  characteris¬ 
tics,  spin,  moments,  and  line  structure  of  the  radio- 
act  i ve  isotope  series  such  as  copper  in  the  Cu  61 
and  Cu  67  atomic  weight  series  ( 6).  Copper  63  and 
( *tt  65  are  the  stable  isotopes  normally  found  in 
the  abundance  ratio  of  2-to-l  respectively.  Two 
things  were  sought,  the  physical  data  themselves 
as  a  check  on  atomic  ami  nuclear  physics  theory  of 
structure  and  projierties.  and  additionally,  veri- 
ficatioii  that  atomic  beam  magnetic  resonance 
measurements  could  be  made  on  all  five  of  the 
radioactive  species  including  the  two  with  half 
lives  of  less  than  10  minutes.  All  of  these  objective# 
were  met  during  the  planned  program  which 
actually  was  completed  npnrly  1  year  ahead  of  the 
original  time  estimates. 

The  second  example  is  taken  from  the  atomic 
I >eum  magnetic  resonance  studies  which  are  part  of 
the  Hughes  and  Lamb  project  at  Yale  University 
supported  by  AFOSR.  This  is  a  very  subtle  study 
of  the  foundations  of  elementary  particle  physics 
and  quantum  mechanics.  It  concerns  muonium,one 
of  the  three  lightest  atoms  which  are  hydrogen, 
muonium,  and  positronium.  The  heaviest  of  these 
three  is  atomic  hydrogen  consisting  of  a  proton  and 
an  orbital  electron.  Muonium  is  next  with  a  posi¬ 
tive  mu-meson  nucleus  and  one  orbital  electron. 
The  third  and  lightest  is  positronium  consisting  of 
a  negative  electron  and  its  antiparticle,  a  positive 
electron,  orbiting  about  each  other.  Positronium 
was  discovered  in  1953  at  MIT  and  has  been  in¬ 
vestigated  quite  thoroughly  by  a  score  of  groups 
under  various  sponsorships  including  C-eneral 
Ph  vsics.  In  brief-  positronium  has  now  become  a 
chemical  probe  in  recent  times  with  AEC  the 
principal  supporter  of  related  research.  Muonium 
has  had  more  interest  to  physics  but  has  proved 
more  stubborn  in  yielding  its  characteristics.  It 
‘•'■'T.aitjts  of  a  postive  muon,  n\  which  has  207  times 
the  “weight”  of  an  electron.  Its  combination  with 
an  electron  is  hypothesized  to  result  in  a  “light 
hydrogen”  atom  equivalent  with  properties  scaled 
from  hydrogen  where  the  proton  in  hydrogen  is 
1836  times  the  mass  of  the  electron.  There  are  other 
interesting  {mints:  In  positronium,  the  positive 
and  negative  electrons  are  antipaiticles  to  each, 
other  and  auhilate  each  other  to  produce  intense 
gamma  rays;  the  electron  and  #*•  are  not  antiparti- 
cles  and  do  not  annihilate  each  other;  the  p  has  a 
magnetic  moment  3.18  times  that  of  the  ptoton; 


and,  last,  nuclear  physics  has  established  that  p'  it¬ 
self  is  unstable  and  decays  in  2.2  microseconds  into 
a  position  and  two  neutrinos  have  various  ener¬ 
gies  up  to  52  million  electron  volts  by  a  weak 
interaction  mechanism  without  conservation  of 
parity. 

The  subtlety  mentioned  earlier  consists  in  using 
these  properties  in  the  design  of  an  atomic  beam 
ifiiem  io  get  unequivocal  data  that:  (1) 
Measurements  are  made  on  .-nuonium  atoms,  not 
something  else:  (2)  that  hyperfine  energy  level 
splittings  consistent  with  a  “light”  hydrogen  atom 
are  induced;  and,  (3)  t  he  decay  products  (positron 
and/or  neutrinos)  are  identifiable  ami  give  consis¬ 
tent  statistics. 

The  first  two  objectives  were  met  in  1960  (7)  by 
a  users  program  on  the  Nevis  Synchrocyclotron  at 
Columbia.  '  pion-muon  beam  was  filtered  through 
a  carbon  pion  absorber  with  p.‘  entering  .in  atomic 
beam  resonant  chamber  equipped  with  3  scintilla¬ 
tion  counters  disposed  around  a  reaction  chamber 
filled  with  pure  argon  gas.  A  static  magnetic  and 
a  tranverse  microwave  field  are  also  provided.  In 
operation,  counters  I  and  2  indicate  coincident 
arrival  of  g*,  counter  3  measures  loss  of  ^  from 
the  “through”  muon  beam.  Counters  4  and  5  with 
a  proper  absorber  identify  positron,  e’,  arrival  and 
delay  times  at  right  angles  to  the  original  beam. 
A  separate  microwave  resonant  circuit  identifies 
the  muonium  atom  and  the  hyperfine- structure 
level  separation  at  4463  megacycles  per  second.  The 
argon  gas  acts  as  a  target  for  the  n*,  also  furnish¬ 
ing  an  electron  to  form  the  (fi’e— )  atom  when  the 
muon  slows  sufficiently  to  capture  one.  Further 
buffer  collisions  provide  the  necessary  time  to  avoid 
wall  collisions  before  the  decay  into  a  positron  and 
two  neutrinos.  Experimental  refinements  produced 
measurements  on  approximately  one  muonium 
atom  per  second. 

A  popular  version  of  the  research  appears  in 
reference  8  along  with  the  results  of  recent  experi¬ 
ments  on  muonium  chemistry  which  detail  reac¬ 
tion  measurements  with  molecular  oxygen.  02; 
nitric  oxide,  NO;  and  nitrogen  dioxide,  NOj. 
Hughes  speculates  that  a  rich  field  of  muonium 
chemistry  is  now  open  for  exploration. 

With  the  preceding  recital,  one  view  of  the  re¬ 
cent  course  of  magnetic  resonance  spectroscopy  has 
been  presented.  From  the  frequent  reference  to 
“user”  programs  it  is  apparent  that  many  experi¬ 
ments  now  require  access  to  extensive,  expensive 
facilities  as  the  frontiers  of  this  class  of  spectro- 
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scopic  experiments  are  planned  and  accomplished. 
It  is  also  fair  to  say :  (1)  That  emphasis  has  moved 
back  to  optical  and  IR  spectroscopy  using  the  laser 
as  an  intense  radiation  field  generator;  (2)  that 
p.m.r.  and  es.r.  have  moved  to  solid  state  sciences 
and  chemistry  for  present  studies;  and  finally  (3) 
that  as  the  body  of  scientific  knowledge  of  mag¬ 
netic  interactions  grows  so  rapidly  as  it  does,  few 
practitioners  in  one  scientific  discipline  can  do  or 
follow  the  related  progress  in  more  than  one  other 
discipline.  Such  is  progress  nnd  the  natural  change 
in  viewpoint  as  to  what  are  the  present  frontiers 
in  science. 

mamcts 

< 1 )  P.  Kaarb.  Phy*.  Today  19, 2  pp.  23-35  (IMS). 

(f)  H.  C.  Lommet-fligxio*.  Tran*.  Faraday  8 Of.  (1953). 
<S)  Wasbinxtoa  University  Report  42  to  AFOSR  (1062). 
Also,  T.  Degncbl,  Bull.  Chem.  Hoc.  Japan  35,  pp. 
261-264  (1962). 

(4)  O.  E.  P»ke,  Joseph  Henry  Lecture  (1063).  Also. 

Bun.  Phlt.  Hoc.  !Fa»A.  16,  3,  pp.  206-207  (1064). 

( 5 )  J.  L.  Ternberx  and  B.  Commoner.  J.  Am.  Med  Hoc.  1H3. 

pi  330  (1063). 

(S)  B.  Dodaworth.  "Nuclear  Spins  of  Copper  and  Iron 
Isotopes,"  (Univ.  Cal,  UC-34  Physics.  18  Apr.  1063). 
(7)  Phy*.  Re r.  tetter*.  5,  p.  63  (  060)  and  6,  pp.  10-21 
(1061). 

18)  V.  H turtles.  Hri.  ,1m.  214,  4,  pp.  06-100  (1066). 


Spectroscopy  in  the  Millimeter 
and  Submillimeter  Region 
of  the  Electromagnetic  Spectrum 

Dr.  Marshall  C.  Harrington 


Research  in  microwave  spectroscopy  by  AFOSR 
and  its  predecessor  organizations  began  in  1953 
when  the  field  of  short  microwaves  seemed  par¬ 
ticularly  attractive  because  of  the  gap  which  ex¬ 
isted  between  microwaves  and  the  infrared.  It  was 
suspected  then  and  subsequently  shown  that  this 
spectral  range  was  to  be  extremely  fruitful  in  a 
variety  of  ways. 

The  earliest  contract  was  with  Walter  Gordy  of 
Duke  University.  He  and  his  associates  were  pio¬ 
neers  in  many  aspects  of  microwave  research  and 
have  contributed  papers  in  the  field  continually. 
This  group  is,  in  fact,  one  of  the  more  prolific  ef¬ 


forts  now  supported  by  the  General  Physics 
Division. 

During  the  time  that  Gordy  has  been  supported 
by  the  Air  Force  50  young  scientists  have  received 
the  Ph.  D.  degree  under  his  direction  nnd  about 
an  equal  number  have  gained  from  1  to  3  years 
of  additional  experience  in  postdoctoral  research 
in  microwaves.  Essentially  all  are  now  in  positions 
where  they  contribute  directly  or  indirectly  to  the 
country's  defense.  Some  of  them  have  been  sup¬ 
ported  by  AFOSR  in  their  present  locations.  Thus, 
AFOSR  in  supporting  the  research  at  Duke  has 
had  an  important  influence  in  expanding  and  ex¬ 
tending  the  field  of  microwave  spectroscopy  in  all 
of  its  aspects — in  equipment  and  techniques,  in 
data  and  theory,  and  in  important  applications  in 
science  and  technology. 

Spectroscopy  has  hud  a  long  and  successful  his¬ 
tory  in  the  formulating  and  testing  of  ideas  of  the 
structure  and  behavior  of  matter  in  its  various 
forms.  Yet  until  a  few  decades  ago,  there  was  a  re¬ 
gion  in  the  middle  of  the  electromagnetic  spectrum 
which  was  largely  unavailable  for  spectroscopic 
research.  This  region  lay  between  short  radio  waves 
and  the  far  infrared.  The  first  fruitful  work  in  the 
region  appeared  in  the  middle  thirties  with  the  ex¬ 
periments  of  Cleeton  and  Williams  (/)  of  the  spec¬ 
trum  of  ammonia.  However,  the  lack  of  convenient 
and  powerful  equipment  prevented  further  exploi¬ 
tation  of  the  method  until  about  10  years  later.  The 
extensive  activity  in  microwave  radar  during 
World  War  II  for  the  first  time  led  to  the  develop¬ 
ment  of  suitable  methods  and  instruments.  Since 
that  time  the  field  has  expanded  rapidly,  and  now 
the  gap  between  microwaves  and  the  far  infrared 
regions  of  the  spectrum  has  been  closed. 

The  microwave  region  of  the  electromagnetic 
spectrum  lies  between  the  far  infrared  and  the 
conventional  radio  frequency  region.  In  wave¬ 
length,  this  is  from  about  0.5  mm  to  30  cm  and  in 
frequency  from  about  000,000  Mc/s  to  1000  Mc/s. 
This  region  extends  over  approximately  eight  oc¬ 
taves  of  the  electromagnetic  spectrum.  In  contrast, 
the  visible  part  of  the  optical  region  covers  only 
about  1  octave. 

Since  the  microwave  region  lies  between  radio 
waves  on  one  side  and  the  far  infrared  on  the 
other,  this  field  may  be  considered  as  an  extension 
of  either  of  the  adjacent  regions.  There  are,  how¬ 
ever,  reason?  for  treating  microwave  spectroscopy 
as  an  independent  subject.  The  devices  for  gen¬ 
erating,  transmitting,  and  measuring  microwaves 


116 


are  different  from  those  used  in  ordinary  radio 
work,  such  as  vacuum  tul>es,  coils,  resistors,  capaci¬ 
tors,  etc.  Thus,  the  development  of  specialized 
equipment  in  the  past  several  decades  has  permit¬ 
ted  closing  the  gap  in  spectroscopic  methods  be- 
( ween  those  of  short  radio  waves  and  ‘lie  infrared. 
Optical  methods  have  continually  extended  ob¬ 
servations  toward  the  longer  wavelengths  of  the 
■  iihmillimeter  regions,  but  there  is  a  practical  limit, 
to  use  of  optical  elements,  such  as  gratings,  inter¬ 
ferometers,  and  detectors  in  pushing  lower  into 
the  infrared  region  of  the  spectrum.  On  the  other 
hand,  some  progress  has  recently  been  made  in 
extending  the  laser  into  the  infrared.  For  instance, 
ftehbio  (2)  ct  til.  report  work  on  the  OK  line  at 
(>.•'177  mm.  However,  there  are  still  gaps  in  the  laser 
region  because  the  device  is  not,  in  general,  tunable. 
Consequently,  it  does  not  at  present  provide  a  prac¬ 
tical  source  for  absorption  spectroscopy.  Efforts 
limy  soon  be  fruitful  in  overcoming  this  deficiency. 

The  millimeter  and  sulmiillimeter  range  is  par¬ 
ticularly  interesting  ltecaii.se  in  this  range  many 
atoms,  molecules,  and  crystals  have  sharp,  strong 
spectral  lines  that  now  can  l>e  measured  with  high 
resolution  and  precision.  Thus,  information  is 
found  which  usually  cannot  Ik>  ascertained  by  ob¬ 
servations  in  any  other  region  of  the  spectrum,  for 
instance,  constants  which  determine  the  spectra  of 
molecules,  and  of  solids  or  molecular  crystals.  Ro¬ 


tational  spectra  of  molecules  are  particularly 
amenable  to  microwave  techniques.  Stark  and  Zee- 
man  effects  in  rotational  spectra  have  been  ob- 
■  ved  only  in  the  microwave  region.  The  methods 
id  results  developed  in  these  studies  have  had 
*>ide  application  in  science  and  engineering. 

The  chief  instrument  used  by  Gordy  is  the  micro- 
wave  spectroscope.  In  its  simplest  version  this  in- 
.-■i rumen t  consists  of:  (I)  A  tunable  source  of 
electromagnetic  radiation ;  (2)  a  frequency  meter; 
(3)  an  absorption  cell  and  associated  equipment 
for  introducing  the  gas  to  be  measured;  (4)  a 
detector  of  the  radiation;  (5)  an  amplifier;  and 
(6)  an  indicator. 

With  this  equipment  measurement*  were  first 
made  in  the  centimeter  rnngt  of  wavelengths. 
Later  the  wavelength  attained  was  tiorfened  to  a 
few  millimeters. 

High  resolution  microwave,  spectroscopy  now 
has  been  extended  from  the  5  mm  region  down  to 
a  wavelength  of  0.43  mm  or  a  frequency  of  GC  1,472 
Mc/sec.  This  has  enlarged  the  range  available  by  a 
factor  of  10.  Specially  designed  crystal  harmonic 
generators  energized  by  klystrons  provided  the 
energy,  and  crystal  diodes  were  used  as  detectors. 
Klystrons  were  preferred  to  other  alternative 
sources  oi  microwave  radiation  because  they  pro¬ 
vide  n  narrower  bandwidth  at  any  otie  setting.  One 
essential  requirement  in  the  equipment  was  the 
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Figure  2 .—Simplified-  diagram  of  microwave  spectrograph. 


ability  to  weep  the  frequency  of  the  microwave 
beam  continuously  through  a  range  of  frequencies. 
Tims,  narrow  absorption  lines  could  be  revealed. 
Several  ranges  of  frequencies  were  provided  by 
using  the  different  harmonics  produced  by  the 
crystal  generator.  Determination  of  the  frequency 
was  made  by  comparison  with  the  standard  sig¬ 
nals  broadcast  by  stntion  WWV  of  the  U.S.  Bu¬ 
reau  of  Standards.  Thus,  standard  frequencies,  ac¬ 
curate  to  at  least.  eighL  significant  figures,  were 
obtained  by  multiplication  via  a  harmonic  chain 
from  the,  megacycle  or  kilocycle  frequencies  of  the 
Bureau  of  Standards  station.  Burly  measurements 
at.  Duke  in  the  range  4  to  2  mm  were  made  with 
multiplier  and  detector  crystals  in  coaxial  mounts 
with  K-band  klystrons  which  had  a  1.23  cm  funda¬ 
mental. 

In  an  effort,  to  extend  the  range  below  2  mm  the 
size  of  the  crystals  was  reduced  and  they  were 
mounted  directly  into  the  waveguide. 

Subsequent  designs  and  methods  have,  remained 
substantially  the  same,  since  that  time  but  wave¬ 
guide  sizes  were  reduced  as  the  wavelength  region 
was  lowered.  Better  crystals  and  improved  kly¬ 
strons  also  permitted  extending  the  range  to  0.77 
mm  and  later  to  0.43  mm.  Further  work  now  in 
progress  may  e.  .  end  the  range  to  0.3  mm  or  below. 

A'  wide  hand  of  frequencies  may  bo  covered  in  a 
single  sweep  of  the  klystron  because  useful  energy 
is  available  from  many  harmonies  above  the  cutoff 
frequency  of  the  wave  guide.  (Harmonics  to  the 
20th  and  higher  are  often  employed.)  In  a  mole¬ 
cule  under  consideration  the,  lines  may  have  fre¬ 
quent  ies  which  full  into  an  approximate  but  not 
an  exact  harmonic  series.  The  klystron  harmonics 
on  the  other  hand,  are  exact  multiple:,  of  the 
fundamental  frequency.  Hence,  two  of  tl  V  molec¬ 
ular  absorption  frequencies  may  be  displayed 
with  different  harmonics  by  sweeping  tbe  kly¬ 
stron  frequency  over  a  small  range,  The  spacing 
of  the  lines  permits  calculation  of  certain  molec¬ 
ular  constants.  Ambiguity  is  avoided  by  measur¬ 
ing  the  line  again  with  another  harmonic.  This 
method  is  superior  to  that  in  which  the  generator 
of  the  energy  is  employed  only  witli  its  funda¬ 
mental  frequency.  For  the  shorter  waves  suitable 
sources  are  not  available,  but  in  the  ranges  in 
which  they  are,  the  high  total  power  which  they 
often  provide  is  not  advantageous.  For  high-reso¬ 
lution  spectroscopy  one  must  avoid  the  broadening 
of  the  spectral  lines  which  would  arise  because  of 
saturation  of  the  sample.  Furthermore,  it  is  not  the 


total  power  that  is  important,  hut  the  power  with¬ 
in  the  bandwidth  required  for  the  measurement. 
For  this  reason,  a  generator  of  reasonably  short 
wavelength  is  chosen  and  so  arranged  that  its  fre¬ 
quency  may  be  swept  continuously  through  a 
selected  range.  The  crystal  harmonic  generator 
then  provides  many  harmonics,  each  of  which  is 
swept  in  step  with  the  frequency  of  the  generating 
klystron. 

One  byproduct  of  this  research  has  been  an  in¬ 
direct  measurement  of  the  velocity  of  light.  Certain 
molecular  constants  of  HC3’  hail  been  evaluated 
from  data  obtained  with  a  precision  grating  (t>). 
The  results  were  expressed  in  wavelength  units; 
the  limit  of  error  involved  was  comparable  witli 
that  for  the  velocity  of  light.  Professor  Gordy  and 
his  colleagues  measured  the  same  constant  in  fre¬ 
quency  units  of  error  still  smaller.  The  ratio  of  the 
two  values  of  the  constant  provides  a  new  evalua¬ 
tion  of  the  velocity  of  light.  This  is  299,792.8 ± 0.4 
km/sec.  The  result  is  in  agreement  with  and  is  of 
accuracy  comparable  with  the  best  values  obtained 
by  more  direct  methods. 

The  millimeter  range  of  the  spectrum  is  a  good 
one  for  measurements  of  the  Stark  effect.  This  is 
the  splitting  of  the  spectral  lines  into  components 
due  to  tin  applied  electric  field.  The  observations 
provide  measurements  of  the  electric  dipole  mo¬ 
ments  of  the.  molecule.  At  the  wavelengths  em¬ 
ployed  here,  the  Stark  effect  is  easy  to  explore  with 
electric  fields  of  moderate  strength.  The  apparatus 
needed  involves  a  special  absorption  cell.  Two 
types  of  cells  have  been  devised. 

One  type  consists  of  a  length  of  standard  wave¬ 
guide  fitted  whh  a  conducting  strip  in  its  center. 
The  strip  is  held  in  place  by  insulating  spacers. 
Measurements  are  taken  with  and  without  an  elec¬ 
tric  field  between  the  center  strip  and  the  walls  of 
the.  waveguide.  In  1948,  Gordy  proposed  a  parallel 
plate  cell  ( 7 )  for  use  with  horns  so  designed  as  to 
send  the  beam  of  microwaves  through  the  space 
between  the  plates  of  the  cell.  To  provide  a  focus¬ 
ing  effect  Teflon  lenses  were  installed  in  the  horns. 
This  type  of  cell  is  sometimes  called  a  “free  space'' 
absorption  cell.  The  cell  and  horns  are  enclosed  in 
a  vacuum  chamber  with  suitable  arrangements  for 
introducing  the  gas  to  lie  measured.  This  second 
type  of  cell  was  found  to  yield  more  accurate 
values. 

An  adaptation  of  the  free-space  absorption  cell 
makes  it  suitable  for  the  study  of  free  radicals  and 
other  unstable  species  of  which  the  molecular  con- 
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stants  are  difficult  to  measure.  In  this  case,  the 
gaseous  free  radicals  are  produced  by  a  glow  dis¬ 
charge  in  u  (handier  below  and  connected  to  the 
cell.  Other  unstable  molecular  species  have  been 
measured  with  this  arrangement  also.  A  modifica¬ 
tion  of  this  arrangement  has  lieen  constructed  to 
study  unstable  species  at  higher  temperatures.  The 
free-space  cell  is  placed  in  a  metallic  enclosure  of 
which  the  temperature  can  be  raised.  Measure¬ 
ments  have,  been  made  on  such  unstable  species  as 
A  IF. 

Another  modification  of  the  equipment  permits 
measurement  of  absorption  spectra  of  collimated, 
high-temperature  moiecuiar  beams  which  traverse 
the  radiation  path. 

This  method  has  been  particularly  valuable  for 
the  measurements  of  the  molecular  constants  for 
the  alkali  halides.  The  samples  are  heated  in  the 
oven  forming  a  beam  which  traverses  the  cell. 
Measurements  of  these  high-temperature  molecu¬ 
lar  beams  in  the  wavelengths  region  between  about 
4  and  0.89  min  have  yielded  results  which  cannot 
1m  achieved  by  observat  ion  of  spectra  in  the  optical 
region.  Furthermore,  the  method  is  superior  to 
that  in  which  the  cell  containing  the  sample  is 
heated  as  a  whole  because  under  such  an  arrange¬ 
ment  the  absorption  lines  would  be  broadened  by 
the  Doppler  effect  and  by  pressure. 

The  microwave  spectrograph  is  particularly  well 
suited  as  far  as  resolution  is  concerned  for  the 
study  of  molecules  containing  atoms  of  which  there 
arc  several  isotopes.  The  lines  of  such  molecules  are 
separated  so  well  in  most  cases  that,  there  is  no 
overlapping.  For  example,  the  two  molecules  O" 
CISSM  and  C'C^S”  may  easily  be  distinguished. 
In  this  case  the  two  molecules  differ  only  by  hav¬ 
ing  sulfur  atoms  of  atomic  weights  of  32  and  34 
respectively.  The  concentrations  of  the  several  iso¬ 
topic,  molecules  in  a  gas  may  be  determined  quanti¬ 
tatively  from  intensity  measurements.  Thus,  the 
method  is  valuable  for  the  study  of  isotopic 
mixtures. 

Identification  of  unknown  gases  is  possible. 
Thus,  methods  of  qualitative  and  quantitative 
analysis  of  mixtures  of  gases  have  l>cen  devised  to 
complement  those  of  infrared  spectroscopy. 
Wherever  if  can  lw  applied,  microwave  spectros¬ 
copy  is  superior  because  of  its  greater  resolving 
] tower  which  permits  definite  identification  and 
accurate  intensity  measurements. 

For  possible  future  applications  in  radio,  radar, 
cr  missile  guidance,  the  pioneering  efforts  of 


Gordy’s  laboratry  in  microwave  techniques  down 
to  ft.4m»n.  wavelength  will  be  helpful.  For  exam¬ 
ple,  they  have  shown  that  solid-state  detectors  and 
harmonic  generators  are  practical  at  these  short 
wavelengths  for  measurements  on  the  absorptions 
of  atmospheric  gases  in  the  shorter  millimeter 
wave  range  of  the  spectrum.  The  results  will  be 
useful  in  designing  equipment  for  communication 
at  these  short  wavelengths. 

Microwave  spectroscopy  also  contributes  to  the 
study  of  certain  aspects  of  liquids  and  solids,  par¬ 
ticularly  the  measurement  of  closely  spaced  energy 
levels  in  paramagnetic  substances,  and  the  struc¬ 
ture  of  certain  crystals. 

Since  1955  this  group  has  applied  its  methods 
to  the  study  of  radiation  damage  in  critical  biolog¬ 
ical  matter,  such  as  protein  and  nucleic  acids 
(ENA  and  RNA).  This  work  has  influenced  the 
initiation  of  many  investigations  employing  the 
same  techniques  in  medical  research  centers.  The 
results  with  the  nucleic  acids  DNA  and  RNA 
have  been  most  significant  (a).  Modified  forms  of 
these  molecules  may  eventually  have  applications 
as  memory  storage  units,  or  circuit  elements,  in 
computers  or  other  devices.  Such  applications  must 
await  further  information  altout  their  properties. 

Since  1955,  Gordy’s  group  has  also  applied  its 
methods  to  the  study  r!  radiation  damage  in 
simple  organic  substances  which  are  used  in  mak¬ 
ing  synthetic  plastics  and  fibers  (e.g.  teflon).  These 
studies  led  to  the  wide  usage  now  made  of  the  tech¬ 
niques  for  radiation  studies  in  the  laboratories  of 
chemical  and  electrical  industries.  The  increasing 
potential  for  exposure  of  materials  and  human 
beings  to  ionizing  radiation  in  the  space  age  makes 
the  solution  of  such  problems  relevant  to  the  pres¬ 
ent  space  effort. 

Other  applications  have  lieen  found.  One  is  the 
stabilization  of  a  microwave  oscillator  by  cou¬ 
pling  it  to  a  spectrum  line.  (6)  It  appears  now 
to  lie  possible  to  stabilize  the  frequency  of  a  klys¬ 
tron  oscillator  to  much  'jet ter  than  one  past  in  a 
million.  There  are  obvious  advantages  in  having 
stable  oscillators  for  frequency  comparisons,  and 
for  indirect  measurements  of  time  and  distance. 

The  results  of  this  research  have  in  general  in¬ 
creased  the  store  of  prec.'ie  information  about 
sizes,  shapes,  and  properties  of  atoms,  molecules, 
and  atomic  nuclei,  primarily  from  their  interac¬ 
tions  with  microwave  radiations.  The  review  arti¬ 
cles  cited  in  the  bibliography  list  papers  in  which 
data  and  interpretation  are  presented.  In  some 
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cases,  the  information  was  supplementary  to  that 
derived  from  observations  made  in  the  optical  re¬ 
gion  of  the  spectrum,  but  for  many  molecules  the 
data  could  not  otherwise  have  been  found, 
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Seismology 

William  J.  Rest 

A  program  of  basic  research  in  seismology, 
funded  by  the  Advanced  Research  Projects 
Agency  oi  the  Department  cf  Defense  under  the 
VELA  UNIFORM  program,  has  been  scienti¬ 
fically  monitored  and  administered  since  1961  by 
the  Air  Force  Officp  of  Scientific  Research  through 
its  geophysical  division. 

In  that  time  46  reseiu  h  efforts  have  been  ini¬ 
tiated  through  grants  and  contracts  with  leading 
universities  and  research  institutions  in  the  United 
States  and  abroad.  The  program's  objective  is  to 
improve  the  capability  to  distinguish  seismically 
between  nuclear  explosions  and  natural  geological 
events. 

Research  efforts  have  been  applied  in  areas  of 
identification  techniques,  data  processing,  array 
configuration,  deep-hole  and  ocean  bottom  detec¬ 
tion,  instrumentation  techniques,  magnitude- 
energy  scale  relationships,  noise  studies,  earth 
seismicity,  explosion  and  earthquake  source 
mechanism  studies,  crustal  studies,  and  theoretical 
studies. 

The  entire  research  program  through  the  end  of 
1965  is  summarized  in  the  AFOSR  publication 
VELA  UNIFORM  Research  in  Seismology 
(AFOSR  65-2667),  published  in  Januury  1966. 

130 


The  research  program  is  directed  toward  four 
general  major  problems  associated  with  the  detec¬ 
tion  and  identification  of  underground  nuclear  ex¬ 
plosions.  These  are  (ft)  the  nature  oi  the  source 
and  its  mechanisms  for  generating  seismic  wave 
energy;  (b)  the  propagation  paths  including  the 
crust  and  mantle  of  the  earth:  (c)  the  receiver  site 
or  sites  including  instruments  and  arrays  for 
signal  to  noise  enhancement ;  and  (d)  data  analysis 
techniques  for  the  detection,  identification,  and 
source  location  of  seismic  signals. 

More  recently,  significant  contributions  have 
been  in  tire  areas  of  improved  traveltime  curves, 
refining  the  accuracy  of  locating  explosion 
sources,  and  in  establishing  large  arrays,  serving 
to  enhance  the  signnl-to-noise  ratio  of  smaller 
events. 

From  these  has  come  the  realization  that  the 
mantle,  especially  the.  upper  mantle  under  the 
source  or  receiver  sites,  cannot  be  assumed  to  lie 
layered,  homogeneous,  isotopic,  etc.  The  upper 
mantle  can  now  be  visualized  as  a  corrugated  sur¬ 
face  with  large  horizontal  variations  in  tempera¬ 
ture,  density,  compositions,  and  pressure  at  a  given 
depth  below  a  given  geographic  region.  Therefore, 
to  accurately  locate  a  seismic  event  the  source  cor 
rections  have  to  be  known  as  well  as  the  propaga¬ 
tion  paths  corrections,  and  azimuthal  variations 
in  the  stations  corrections.  The  source  corrections 
caused  by  the  corrugated  variation  in  the  upper 
mantle  means  that  the  complicated  regions  of  the 
world  have  to  be  calibrated  to  determine  their 
source  corrections  for  the  upper  mantle. 

Regional  variations  for  the  Aleutian  Islands  arc 
were  calibrated  by  ARPA's  Project  Long  Shot 
during  the  fall  of  1965.  This  underground  nuclear 
explosion  confirmed  that  the  upper  mantle  has 
large,  regional  variations  that  affects  the  accuracy 
of  source  locations  and  the  distortion  of  seismic 
waves  propagating  through  these  regions.  There¬ 
fore,  since  seismology  provides  the  most  direct,  and 
accurate  data  for  interpreting  the  structure  of  the 
interior  of  the  earth,  AFOSR's  basic  research  pro¬ 
grams  have  made  contributions  in  den  sloping 
techniques  to  refine  this  interpretation. 

Seismic  techniques  provide  the  only  readily 
available  data  on  the  mantle  of  the  eartli  (depths 
greater  than  about  .'50  km.).  From  knowledge  of 
the  velocities  of  propagation  of  P  and  R  waves, 
attempts  have  been  made  to  infer  interior  prop¬ 
erties  such  as  chemical  compositions,  density  ther¬ 
mal  properties,  temperature,  ciystal  structure  and 


orientation,  and  creep  rate.  To  provide  satisfac¬ 
tory  interpretation  of  this  seismic  data,  results 
from  high-pressure  temperature  research  must  be 
utilized  along  with  theoretical  considerations.  Re¬ 
cent  results  from  experimental  seismology  have 
shown  that  this  data,  in  addition  to  seismic  veloci¬ 
ties  profiles,  can  provide  other  information  such 
as  density  and  anelasticity,  These  determinations 
when  combined  w  u  h  elastic  properties  are  provid¬ 
ing  an  approach  to  make  a  direct  estimate  possible 
for  the  composition  and  temperature  profile  for 
the  mantle.  There  is  a  possibility  of  using  seismic 
anisotropy  to  determine  crystal  orientation  within 
the  mantle.  This  reopens  the  question  of  phase 
changes  to  explain  the  various  discontinuities  ex¬ 
isting  in  the  upper  mantle. 

Recent  improvements  have  been  made  in  long- 
period  instrumentation  for  recording  the  long- 
period  surface  waves  and  free,  oscillations  of  the 
earth.  These  improvements  have  enabled  seismol¬ 
ogists  to  refine  their  interpretation  of  the  earth’s 
interior  and  to  develop  two  new  independent  pa¬ 
rameters,  density  and  anelasticity.  Density  bears 
directly  on  the  problem  of  determining  the  com 
position  of  the  earth.  Anelasticity  has  important 
bearing  on  the  problems  of  temperature  and 
phase  changes  in  the  mantle,  and  may  even  be  ap¬ 
propriate  in  explaining  long-term  deformations  of 
the  earth. 

These  lateral  variations  in  the  crust  and  upper 
mantle  aie  now  well  established.  New  results, 
especially  from  surface  wave  data,  indicate  that 
regional  variations  extend  in  the  mantle  even 
deeper  than  400  km.  The  gross  features  of  the 
mantle,  such  as  low  velocity  zone  and  sharp  uppei 
mantle  discontinuities,  seem  to  exist  on  a  world¬ 
wide  basis.  Extra  details  differ  for  geographic  re¬ 
gions.  ARPA’s  worldwide  calibration  program, 
such  as  Project  J  on g  Shot,  will  provide  the  basic 
data  to  refine  our  interpretation  of  selected  geo¬ 
graphic  regions.  These  new  results  will  aid  in  the 
accuracy  of  locating  and  identifying  events.  These 
results  are  from  basic  research  in  seismology  being 
conducted  at  California  Institute  of  Technology, 
Columbia  University,  University  of  California  at 
Berkeley,  Southern  Methodist  University,  and 
Massachusetts  Instit  ute  of  Technology. 

In  addition  to  the  basic  research  program  in 
seismology,  AFOSR  was  responsible  for  three 
specialized  projects  for  the  Department  of  De¬ 
fense,  each  of  which  den, oust  rated  a  high  degree  of 
coordination  and  cooperation  with  many  domestic 


and  foreign  research  and  governmental  organiza¬ 
tions.  These  projects  were  Blue  Ice,  described  else¬ 
where  in  this  volume,  Early  Rise,  and  Infrasonics. 

Project  Early  Rise  was  another  in  a  series  of 
summer  seismic  field  experiments  designed  to 
understand  and  evaluate  the  method  by  which 
seismic  energy  is  propagated  and  modified  by  the 
inhomogeneities  in  the  crust.  The  project  consisted 
of  a  series  of  forty  5  ton  chemical  explosions 
detonated  at  a  fixed  shot  point  repeatedly  occupied 
and  fairly  centered  in  Lake  Superior.  Two  shots 
were  fired  each  night  at  0330  and  at  0430,  under 
the  overall  direction  of  the  crustal  studies  branch 
of  the  U.S.  Geological  Survey,  Department  of  the 
Interior,  Menlo  Park,  Calif. 

Thirteen  seismic  radial  arrays  emanated  from 
the  shot  point  and  uniformly  covered  the  entire 
North  American  continent.  The  seismic  field 
parties  occupying  each  of  the  arrays  was  composed 
of  seismic  recording  crews  from  universities  and 
industry  as  well  as  the  USGS.  Of  the  13  radial 
recording  line,  10  were  under  the  direction  of  the 
AFOSR  geophysics  division.  The  seismic  experi¬ 
mental  field  methods  required  that  each  team  move 
out  radially  from  the  shot  point  after  each  suc¬ 
cessful  night's  shooting.  There  were  a  uaiimum  of 
only  20  nights  of  shooting  which  precluded  re¬ 
occupancy  of  the  same  stations  for  more  or  hope¬ 
fully  better  data. 

The  shooting  program  involved  the  use  of  the 
U.S.  Coast  Guard  cutter  Woodmsh.  A  special 
underwater  demolition  team  was  assigned  to  the 
Wood  ruth,  for  loading  and  firing  of  the  explosive — 
a  nitrocarbonitrate  compound.  The  exact  time  of 
detonating  each  shot  was  recorded  electronically 
on  records  which  also  contained  WWV  time 
signals.  Communications  between  the  shot  point 
and  all  field  teams  were  made  by  single  sideband 
radio  systems  and  by  rapidly  changing  telephone 
networks.  Two  of  the  seismic  profile  lines  in  north 
and  northeast  Canada  required  the  use  of  pontoon- 
equipped  aircraft  and  experienced  Canadian  bush 
pilots  to  place  the  teams  in  the  remote  areas  where 
roads  do  not  exist.  Experience  gained  in  charge 
composition  and  optimum  depth  location  of  the 
charge  from  previous  summer  programs  has  re¬ 
sulted  in  the  best  overall  extensive  seismic  program 
ever  conducted  under  the  VELA  UNIFORM 
project.  Usable  data  has  been  obtained  by  nearly 
all  participants  out  to  the  extreme  limits  of  their 
planned  traverses.  From  the  analysis  and  compila¬ 
tion  of  these  data  will  undoubtedly  l>c  produced 
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the  most  comprehensive  seismic  velocity  and  struc¬ 
ture  analysis  maps  of  the  North  American  con¬ 
tinent  ever  known.  The  results  will  be  compiled  by 
the  USGS  and  will  be  issued  as  USGS  technical 
reports. 

Project  Infrasonics  is  a  joint  program  with  the 
geoacoustics  branch  of  ESSA  and  supported  by 
ARPA,  in  which  two  infrasonic  array  stations 
have  been  established  in  Bolivia  and  in  Peru.  Sev¬ 
eral  source  mechanisms,  natural  and  artificial,  on 
or  under  the  surface  of  the  earth,  are  known  to 
excite  acoustic,  acoustic-gravity,  and  shock  wave 
in  the  troposphere. 

Recent  research  has  shown  that  these  acoustic 
gravity  waves  are  directly  correlated  with  such 
source  mechanisms  as  earthquakes,  tornados, 
meteors,  volcanos,  and  solar  particles  impinging 
on  the  ionosphere.  Even  explosions  in  the  atmos¬ 
phere,  if  large  enough  and  near  enough,  will  be 
recorded  by  infrasonic  equipment.  This  interplay 
of  acoustics  gravity  waves  with  other  geophysical 
phenomena  in  the  troposphere  and  ionosphere  is 
opening  up  a  whole  new  area  of  geophysical 
research.  The  station  at  Penas,  Boliva,  operated  by 
San  Calixto  Observatory,  is  conducting  experi¬ 
mental  research  on  the  interplay  between  earth¬ 
quakes  recorded  at  the  seismic  station  and  acoustic 
gravity  waves  recorded  by  the  infrasonics  station. 
The  station  at  Huancayo,  Peru,  operated  by  In- 
stituto  Geofisico  del  Peru,  will  conduct  research  to 
determine  interaction  of  acoustic  gravity  waves 
with  the  preturbations  detected  in  the  ionosphere. 

In  addition,  a  grant  has  been  issued  to  Brown 
University  for  Dr.  Dave  Harkrider  to  conduct 
theoretical  research  on  acoustic  gravity  waves. 
Such  research  will  cover  the  type  of  source  models 
to  represent  the  artificial  and  natural  source 
mechanisms,  investigate  the  applicability  of  plane 
stratified  atmospheric  models,  and  calculate  the 
effects  of  viscosity,  winds,  thermal  gradients,  and 
gravity. 


Project  Blue  Ice 

Maj.  Durwabd  D.  Youkg,  Jr. 

Seismologists  the  world  over  are  eternally  in 
quest  of  that  magic  set  of  conditions  best  described 
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as  a  “quiet  site.”  In  real  life  such  seismic  laboratory 
locations  free  of  background  noise,  far  from  cul¬ 
tural  noise  source,  yet  strategically  located  with 
respect  to  the  world's  major  seismically  active 
areas,  simply  do  not  exist.  However  the  search 
for  the  best  goes  on.  Prior  to  the  present  decade, 
seismologists  had  to  be  content  with  observatories 
located  in  close  proximity  to  educational  and 
governmental  institutions  for  both  technological 
and  financial  support.  This  changed  rapidly  early 
in  1961  with  the  inception  of  the  Advanced  Re¬ 
search  Projects  Agency's  VELA  UNIFORM 
project. 

Activities  under  the  project  ranged  from  basic 
theoretical  research  to  seismic  instrumentation 
design  and  development.  Under  this  charter  the 
entire  earth's  surface  was  considered  the  labora¬ 
tory  for  investigation  for  the  best  seismic  record¬ 
ing  locations.  It  is  fairly  safe  to  state  that  no  part 
of  the  free  world  was  excluded  from  investigation 
for  the  quietest  possible  location  for  seismic 
studies.  Concurrent  with  these  worldwide  back¬ 
ground  noise  studies  a  large  number  of  research 
programs  were  instigated  in  universities  and  re¬ 
search  institutions  in  this  country,  Canada,  South 
America,  and  Europe.  AFOSR  alone  directed  over 
50  research  efforts  in  basic  research  in  seismology. 

The  state  of  the  art  of  recording  instrumentation 
was  greatly  stimulated  and  many  new  techniques 
and  processes  for  data  analysis  were  evolved. 
Simultaneously  the  theory  involved  in  interpreta¬ 
tions  of  seismic  data  was  advanced  by  orders  of 
magnitude. 

The  cumulative  results  of  such  massive  efforts 
in  the  science  have  advanced  seismology  to  the 
present  state  in  which  the  detection  and  identifica¬ 
tion  of  seismic  events  is  limited  only  by  the  natural 
seismic  background  noise  mixed  with  and  masking 
the  incoming  signal.  A  unique  application  of  this 
new  knowledge  is  now  manifest  in  the  design  and 
installation  of  the  large  aperture  seismic  array 
located  near  Miles  City,  Mont.  This  525-element 
array  was  commissioned  in  the  late  fall  of  1965 
and  has  been  operated  fairly  continuously  since 
that  date. 

LAS  A,  designed  as  an  experimental  model  of  a 
large  seismic  detection  array,  was  not  necessarily 
designed  as  a  prototype  for  future  array  design. 
However,  it  was  immediately  evident  (from  other 
studies  also)  that  arrays  such  as  LASA  offered 
powerful  methods  for  time  series  analysis  of  in¬ 
coming  signals  with  resultant  marked  increase 
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in  signal  to  noise  ratios.  With  the  objective  of 
locating  the  quietest  feasible  sites  for  possible 
duplication  of  the  instrument,  cluster  concept  of 
th„  Mi  mtuim  LAS  A  system,  7FOSR  was  directed 
by  A  It  FA  in  February  of  1966  to  take  another 
look  at  the  seismic  noise  level  of  the  interior  of 
the  Greenland  icecap.  Several  such  studies  have 
been  performed  by  seismic  field  teams  in  the  inter¬ 
vening  years  since  1!)61.  A  review  of  the  data 
collected  hy  these  tpiinis  did  not  generate  a  great 
amount  of  enthusiasm  for  another  icecap  investi¬ 
gation  in  Greenland;  however,  several  unique 
innovations  made  the  new  survey  interesting  and 
worthwhile. 

The  field  effort,  code  named  Project  Blue  Ice, 
had  a  distinct  technical  advantage  over  the  others. 
The  project  was  to  be  placed  in  the  very-  center 
of  the  uninhabited  cap  with  the  latest  and  possibly 
the  best  event  detection  seisometers  and  recording 
instrumentation  and  know-how  available  in  the 
seismic  community.  The  original  Illuc  Ice  plan 
was  to  move  into  the  center  of  the  Greenland 
icecap  as  early  as  jwissible  in  the  summer  of  1  Wifi 
and  establish  the  station  in  sufficient  time  to  permit 
at  least  1  month  of  data  to  Ik>  recorded  before  the 
arctic  night  made  later  occupation  too  hazardous. 
The  station  was  to  he  closed  in  mid-September 
and  reoccupied  in  the  early  spring  of  1967  for  a 
week  to  10  days  of  additional  recording.  The 
project  would  end  with  a  final  2  weeks  of  record¬ 
ing  in  July  1967  which  would  provide  a  12-rronth 
seasonal  sampling  of  background  noise  on  the 
icecap. 

Field  operations  began  in  March  of  1966  when 
the  Arctic  Institute  of  North  America  in  Wash¬ 
ington,  D.(\,  was  awarded  a  contract  to  establish 
and  operate  a  hase  field  camp  to  support  the 
seismic  program.  The  exact  location  was  n  »r  ini¬ 
tially  important  hut  was  to  be  selected  such  that 
maximum  distance  from  all  sources  of  cultural 
and  natural  noises  would  be  obtained.  This  part 
of  the  operation  was  under  the  able  direction  and 
leadership  of  Ralph  Lenton,  of  the  Arctic  Insti¬ 
tute  of  North  America,  who  effectively  put  the 
camp  together  from  a  plan  stage  to  full  operation 
in  less  than  6  months.  The  site  of  the  seismic 
station  was  arbitrarily  dart  picked  at  latitude  78° 
X.  and  longitude  40°  W. 

Air  logistic  support  from  Thule,  Greenland,  to 
the  interior  of  the  icecap  was  provided  hy  Head¬ 
quarters  Alaskan  Air  Command  from  Elmendorf 
AFB,  Alaska,  using  ski-equipped  0-130  Hercules 


aircraft  operated  by  tue  17th  Troop  Carrier 
Squadron.  The  initial  fly  jn  required  that  the  lead 
aircraft  depart  Thule  with  adequate,  survival  gear 
for  the  initial  landing  on  a  unprepared  open  area 
of  the  icecap. 

The  lead  aircraft  could  not  make  visual  surface 
contact  at  the  dead-reckoned  coordinates  of  78° 
N.— 40°  W.  A  break  came  when  the  abandoned 
British  1952-54  North  Ice  Station  was  sighted  thru 
the  cloud  cover.  The  site-selection  aircraft,  then 
flew  under  the  low  cloud  cover  approximately  14 
miles  and  upon  landing  established  the  Inge 
Lehman  Station  at.  77°56'48"  N.  and  39°11'  W. 
These  coordinates  were  verified  by  50  theodolite 
sunshots  and  are  accurate  to  it  1  km.  This  location 
error  is  considered  within  the  acceptable  limits 
for  event  detection  studies. 

The  initial  touchdown  was  accomplished  on  19 
July  1966.  The  camp  nucleus  then  consisted  of  one 
skid-mounted  trailer  and  six  scientific  personnel. 
This  landing  praty  was  rapidly  augmented  to  a 
full  station  complement  of  10  and  approximately 
60  tons  of  camp  and  scientific  gear.  Approximately 
eight  missions  (round  trips)  were  required  for  the 
Hercules  CL  130's  to  establish  the  basic  >  imp.  This 
was  completed  in  6  days  w-ithout  serious  incident 
except,  for  the  loss  of  one  engine  when  a  propeller 
dug  into  a  sastrugi  ridge.  The  aircraft  was  airborne 
again  with  a  replacement  engine  changed  on  the 
icecap  within  72  hours. 

The  seismic  array  consisted  of  four  downhole 
short-period  seismometers  located  at  the  center 
and  apices  of  an  equal  angular  triangle  as  illus¬ 
trated.  A  three  component  short-period  surface 
station  completed  the  instrumentation.  The  base 
camp  consisted  of  two  20-foot-long  skid-mounted 
trailers  positioned  to  provide  an  18-foot  covered 
vestibule  work  space  between  them.  One  trailer 
served  as  a  cook,  messing,  and  recreation  facility. 
The  other  housed  four  personnel,  the  scientific 
recording  equipment,  and  also  contained  a  shower 
which  doubled  as  a  darkroom.  A  Jamesway  hut 
extending  from  the  vestibule  served  as  a 
dormitory. 

The  exact  thickness  of  the  ice  at  the  site  is  not 
known  but  from  available  data  appears  to  be  ap¬ 
proximately  2.8  km.  The  terrain  is  monotonously 
uneventful  and  devoid  of  animal  or  plant  life. 
Drilling  began  as  soon  as  the  minimum  require¬ 
ments  of  the  base  camp  installation  were  satisfied. 
The  instrument  hole  depths  were  predicated  upon 
the  depth  required  to  reach  an  ice  density  of  0.83. 


This  was  found  to  occur  at  each  instrument  loca¬ 
tion  at  a  depth  of  approximately  180  feet.  All 
instruments  are  therefore  approximately  180  feet 
below  the  surface.  The  holes  were  core  drilled 
which  permitted  excellent  density /depth  control. 
The  upper  portions  were  cased  with  an  8-inch 
fiberglass  pipe  down  to  depths  of  60  feet.  The 
lower  portions  of  the  holes  were  unsupported  and 
showied  no  risible  evidence  of  closure  during  the 
first  s  months  of  operation.  Drilling  was  accom¬ 
plished  by  a  portable  ski-mounted  Acker  Hillbilly 
powered  by  a  Perkins  diesel  engine.  Selected  cores 
were  depth  logged  and  encased  in  plastic  bags  for 
additional  studies.  Instrumentation,  operation, 
and  maintenance  of  the  array  was  accomplished 
by  personnel  of  the  Geotech  Division  of  Teledyne, 
Inc.,  Garland,  Tex. 

On  17  August  1966,  the  Project  Blue  Ice  site 
was  officially  dedicated  as  the  Inge  Lehmann  Sta¬ 
tion.  The  name  was  selected  to  honor  Dr.  Inge 
Lehmann,  a  noted  Danish  seismologist,  who  has 
performed  considerable  seismic  research  in  the 
United  States.  Dr.  Lehmann  presently  resides  in 
Copenhagen,  Denmark. 

There  were  a  total  of  four  independent  scientific 
measurement  programs  under  the  project.  The 
seismic  program  was  accomplished  under  a  joint 
activity  arrangement  between  the  Danish  Geodetic 
Institute  and  the  Air  Force  Office  of  Scientific 
Besearch.  Dr.  Eric  Hjurtenberg  of  the  Danish 
Geodetic  Institute,  Copenhagan,  Denmark,  worked 
in  colloboration  with  Dr.  Eduard  Douze,  the 
Georech/AFOSR  contractor  in  processing  and 
analyzing  the  seismic  data. 

The  seismic  instrumentation  was  a  packaged 
“suitcase”  system  assembled  and  field  tested  by 
Geotech.  The  short-period  down-hole  instruments 
were  Geotech  model  20171A  moving  coil  seis¬ 
mometers  designed  to  operate  in  shallow  holes  at 
pressures  up  to  500  p.s.i.  and  at  tilt  angles  as  great 
as  10  degrees.  The  instrument  is  capable  of  long¬ 
term  operation  at  temperatures  up  to  120°  F.  (49° 
C.)  and  demonstrated  satisfactory  operation  at 
bottomhole  temperatures  encountered  at  minus 
33.2°  F.  It  has  a  natural  frequency  response  ad¬ 
justable  from  0.75  to  1.05  hertz  and  a  natural 
period  adjustable  from  1.33  to  0,95  second.  For 
Blue  Ice  the  period  was  set  at  1  second.  A  three- 
component  surface  seismic  station  was  installed 
2,250  fee*  to  the  >TNW  (326°)  of  the  base  camp  in 
a  vault  approximately  12  feet  below  the  surface. 
All  cabling  was  accomplished  using  REA  PE23,  a 


six-pair  telephone  cable  suitable  for  direct  burial. 
This  is  the  same  cable  used  in  the  Montana  LAS  A. 
Available  weather  records  of  the  area  indicated 
no  lightning  protection  would  be  required  and  an 
uneventful  summer  validated  the  decision  to  elim¬ 
inate  the  protectors.  Recording  was  accomplished 
on  a  battery-operated  Geotech  14-channel  TRIG 
slow-speed  analog  tape  recorder.  This  recorder  has 
a  capability  for  continuous  operation  for  33  days; 
however,  the  speed  was  adjusted  to  0.03  inches/ 
second  for  a  7-day  operation.  Two  tapes  were  flown 
out  on  each  biweekly  resupply  air  mission.  These 
were  continuously  processed  during  the  summer 
by  the  Geotech  division  which  permitted  the  data 
analyst  to  recommend  different  gain  settings  and 
adjustments  via  rado  contact  with  the  site  upon 
receipt  of  each  tape.  Each  of  the  four  vertical 
down-hole  seismometers  were  operated  at  dual¬ 
gain  levels.  The  surface  vertical  were  operated  also 
at  a  dual  level,  but  because  of  channel  limitation 
the  two  horizontals  were  recorded  at  one  gain  level 
only.  The  remaining  two  tape  channels  were  used 
to  record  station  timing  and  WWV.  This  method 
of  recording  requires  minimum  power  and  mag¬ 
netic  tape  but  it  is  limited  to  dynamic  range  of 
35  db  (peak-to-peak)  on  each  channel  and  a  total 
peak  signal  range  of  50  db  ( peak-to-peak)  on  each 
channel  and  a  total  peak  signal  range  of  50  db 
(peak-to-peak)  using  dual-level  recording.  The 
upper  data  frequency  limit  was  5  hertz. 

The  magnetics  measurement  program  was  under 
the  supervision  of  Johannes  Wiljhelm  of  the 
Danish  Meteorological  Institute  in  Copenhagen. 

Wiljhelm  maintained  a  magnetic  laboratory  lo¬ 
cated  adjacent  to  the  base  camp  in  which  he 
recorded  daily  variations  in  the  earths  magnetic 
intensity  and  declination.  These  data  were  supple¬ 
mented  by  data  from  several  fixed  observation 
sites  in  an  array  projecting  east  and  west  of  the 
base  camp. 

A  third  program  involved  the  measurement  of 
the.  specific  activity  of  the  cosmic-ray-produced 
Si ,2.  One  ton  of  ice  below  the  6-meter  depth 
(from  the  pre-hydrogen  bomb  testing  era  begin¬ 
ning  in  1953)  were  collected  and  flown  to  Thule 
AB  for  analysis  by  scientists  from  the  University 
of  Copenhagen.  The  purpose  of  this  investigation 
was  to  check  whether  or  not  the  fallout  of  naturally 
produced  Si 52  is  influenced  by  a  continental  effect. 
Comparison  with  a  similar  sample  collected  at 
Camp  Century,  500  km.  west  of  Inge  Lehmann 
station,  should  give  the  answer  to  this  question, 


which  is  important  for  the  possible  use  of  Si  “ 
for  dating  of  ice. 

For  the  fourth  program,  selected  ice  cores  were 
preserved  for  crystallographic  studies  by  person¬ 
nel  from  the  U.S.  Army  Cold  Regions  Research 
and  Engineering  Laboratories  in  Hanover,  N.H. 

In  addition,  daily  synoptic  weather  observations 
were  recorded  on  precipitation,  wind  direction  and 
velocity,  barometric  pressure,  temperature,  cloud/ 
sky  conditions. 

Initial  analysis  of  the  data  has  been  directed  at 
determining  the  nature  and  character  of  the  seis¬ 
mic  background  noise.  It  was  obvious  from  the  be¬ 
ginning  that  th”'  noise  level  at  this  particular  loca¬ 
tion  was  especially  low.  As  each  new  hole  was  com¬ 
pleted  they  were  immediately  instrumented  and 
adjusted  for  maximum  gain.  Gains  were  rapidly 
increased  to  as  high  as  106  but  were  leveled  off  at 
approximately  1  million,  which  was  an  order  of 
magnitude  higher  than  anticipated.  With  the  com¬ 
pletion  of  the  entire  array,  it  became  obvious  that 
this  was  an  unusual  seismic  environment:  there 
was  no  evidence  of  noise  due  to  ice  flow,  cracking, 
wind,  and  other  expected  sources. 

Power  spectra  of  the  vertical  seismographic 
data  show  that  the  noise  level  at  the  1  cps  detection 
interest  frequency  is  slightly  less  then  1  mu  2/cps. 
This  is  true  for  down-hole  verticals  as  well  as  the 
surface  vertical  instrument.  The  power  in  the 


spectra  increases  rapidly  for  periods  greater  than 
1  second  and  shews  peaks  at  2.8  and  4.5  seconds. 
The  expected  6.0  second  microseism  peak  common 
at  continental  recording  stations  is  seen  at  Inge 
Lehmann  only  when  major  storms  are  active  in  the 
North  Atlantic.  The  power  peak  at  2.8  seconds  is 
always  present  but  is  noted  to  change  in  value  as  a 
function  of  time.  For  periods  less  than  1  second 
t,he  spectra  decreases  rapidly.  The  surface  instru¬ 
ment  is  sensitive  to  wind  no'se  at  these  short  pe¬ 
riods  but  the  down-hole  instruments  showed  little 
response  to  summer  winds  as  high  as  35  knots. 
Measurement  of  the  coherence  of  the  noise  within 
the  four  element  array  shows  that  for  periods  of 
less  than  1.5  seconds  the  noise  is  apparently 
unc )  [related. 

To  check  this  particular  result  of  the  spectral 
analysis  the  power  spectra  of  all  four  seismographs 
were  summed  at  the.  1-second  period.  The  power 
was  increased  by  almost,  exactly  a  factor  of  four 
indicating  absence  of  noise  correlation.  This  sum 
ming  was  done  to  eliminate  other  possible  causes 
for  low  coherence.  For  example,  the  low  coherence 
at  3.5  seconds  as  seen  by  the  notch  in  the  power 
spectrum,  could  be  caused  by  averaging  of  the  2.8 
and  4.5  second  spectial  peaks  which  are  due  to 
seismic  phases  traveling  at  different  velocities  and 
quite  possibly  from  different  directions,  i.o.,  ocean 
waves  generated  noise  from  the  east  and  west 
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Figtee  3 .—Location,  of  seismumeten  at  Station  Inge  Lehmann,  Greenland. 
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coasts  of  Greenland,  Much  work  remains  to  be  done 
with  the  station  data  but  low  noise  quantities  are 
already  quite  apparent. 

Because  of  the  uniquely  low  background  noise 
associated  with  the  Project  Blue  Ice  data,  it  was 
decided  to  continue  maimed  operations  throughout 
the  winter  until  summer  of  1967.  Logistic  open. 
tions  began  immediately  to  prepare  the  station  for 
the  4  months  of  isolated  winter  operations.  On 
16  October  1966,  four  station  contractor  persounel 
were  rotated  into  the  Inge  Lehmann  station  to  op¬ 
erate  the  array  during  the  winter  period.  A  rudi¬ 
mentary  emergency  lighting  airstrip  was  hastily 
installed  to  provide  for  any  emergency  evacuation. 

Seismic  event  reports  are  issued  daily  by  radio 
to  Thule  and  relayed  by  teletype  to  the  USCGS 
at  Rockville,  Md.,  for  inclusion  in  the  standard 
ESSA  seismic  event  bulletin.  A  new  crew  will 
operate  the  station  until  mid-1967. 


Observation  Basis  of 
General  Relativity 


Dr.  Emch  Wfjgolt. 


AFOSR  has  supported  studies  in  gravitational 
physics  for  approximately  a  decade.  Although 
these  studies  have  not  loomed  prominently  in  the 
nuclear  physics  program,  the  investigations  have 
i»eeri  both  interesting  and  varied.  They  have,  for 
instance,  dealt  with  cosmological  solutions  of  Ein¬ 
stein's  equations,  efforts  to  quantize  the  general 
theory  of  relativity,  studies  concerning  the  gravita¬ 
tional  collapse  of  stars  as  possible  explanations  for 
the  behavior  of  quasars,  and  efforts  to  test  the  gen- 
end  theory  of  relativity  experimentally. 

Although  the  general  theory  of  relativity  has  a 
clear  conceptual  superiority  over  Newtonian  gravi¬ 
tation,  it  has  Lien  difficult  to  establish  the  experi¬ 
mental  superiority  of  the  theory.  In  this  respect  it 
differs  markedly  from  the  special  theory  of  rela¬ 
tivity,  which  has  lieen  amply  verified  hy  experi¬ 
ment  within  its  domain  of  validity.  In  order  to 
verify  the  general  theory,  phenomena  must  be  ob¬ 
served  in  moderate  gravitational  fields  at  high 
speeds  (in  terms  of  the  velocity  of  light)  or  in 
strong  gravitational  fields  at  moderate  speeds.  The 


relevant  gravitational  parameter  is 


GM 


o‘r 


where 


Cl  is  the  Newtonian  constant  of  gravitation,  c  the 
speed  of  light,  At  the  mass  of  the  gravitating  ob¬ 
ject,  and  r  the.  distance  from  its  center.  Even  at  the 
surface  of  the  sun  this  parameter  is  only  of  the  or¬ 
der  of  10  \  while  at  the  surface  of  the  earth  it  is 
roughly  l(h°.  Thus  the  available  gravitational 
fields  are  extremely  weak  and  the  Newtonian 
theory  can  be  used  to  a  high  degree  of  approxi¬ 
mation. 

There  arc,  however,  three  well-known  tests  of 
the  theory :  The  gravitational  red  shift,  the  deflec¬ 
tion  of  starlight  by  the  sun,  and  the  precession  of 
the  perihelion  of  the  orbit  of  Mercury.  The  first 
of  these  “tests’’  was  shown  by  Einstein (7)  to  be 
independent  of  the  formalism  of  general  rela¬ 
tivity  and  to  follow  directly  from  any  theory  con¬ 
sistent  with  the  well-established (J!)  equivalence 
principle.  The  deflection  of  starlight  passing  close 
to  the  sun  lias  been  measured  and  the  results,  al¬ 
though  uot  completely  consistent,  are  in  rough 
agreement  with  the  predictions  of  the  general 
theory  of  relativity.  The  situation  is  better  with 
regard  to  the  third  test.  The  observed  precession 
of  the  perihelion  of  the  orbit  of  the  planer.  Mercury 
agrees  with  the  predicted  value  to  within  2  percent. 
On  the  other  h..nd,  Dieke(J)  has  proposed  that  the 
precession  of  the  perihelion  of  the  inner  planets 
could  in  part  lie  due  to  u  very  .mail  flattening  of 
the  sun. 

In  order  to  remedy  this  paucity  of  observational 
evidence,  a  new  experimental  test  w  as  proposed  by 
L.  1.  S’hiff  and  W.  M.  Fain-bank  of  Stanford's 
Department  of  Physics.  Some  years  ago,  Schiff 
(4),  under  AFOSR  sponsorship,  showed  that  a 
perfect,  gyrosco|>e,  subject  to  no  external  torques 
and  orbiting  the  earth  in  a  satellite,  will  experience 
an  “anomalous"  precession  with  respect  to  the 
fixed  stars  as  it  travels  around  the  earth.  For  an 
orbit  of  moderate  altitude,  the  predicted  shift  of 
the  direction  of  the  axis  of  rotation  of  such  a  gyro- 
scojie  is  only  7  seconds  of  arc  per  year.  A  measure¬ 
ment  of  tins  precession,  which  arises  us  a  result  of 
the  earth's  mass  “distorting  space,-time"  in  its 
neighborhood,  would  provide  a  test  of  the  general 
theory  of  relativity  essentially  equivalent  to,  but 
more  sensitive  than,  the  deflection  of  light  test.  A 
second  much  smaller  anomalous  precession  (of  the 
order  of  IW)5  second  per  year)  is  due  to  the  differ¬ 
ence,  according  to  Einstein’s  theory,  between  the 
gravitational  fields  of  a  rotating  and  nonrotating 
Ixxiy. 


William  Fairbank  and  his  colleagues  W. 
Hamilton  and  F.  Everitt  have  been  working  for 
sometime,  toward  a  gyroscope  that  will  be  able  to 
detect  these  very'  small  rates  of  precession.  This 
work,  supported  by  AFOSR,  if,  now  rapidly  pro¬ 
gressing  toward  the  point  of  being  tried  in  prac¬ 
tice.  The  gyroscope  under  construction  should  be 
capable  of  being  read  to  O.Oi  seconds  of  arc  and 
should  have  a  drift  rate  due  to  all  external  torques 
of  less  than  0.01  second  of  arc  per  year.  The 
experiment  should  give  a  completely  new  check 
to  the  general  theory  of  relativity. 

The  technical  problems  are  enormous  and  can 
only  be  solved  by  placing  the  gyroscope  in  a  satel¬ 
lite,  where  it  is  possible  to  reduce  the  effective 
gravitational  field  sufficiently  to  reduce  the 
support  torques  to  the  required  level.  To  reduce 
the  drift  from  the  gravity  gradient  torques,  which 
exist  on  any  nor  spherical  gyroscope  whether  it  is 
in  a  satellite  or  on  the  surface  of  the  earth,  it  is 
necessary  to  have  the  gyroscope  as  perfectly 
spherical  ns  possible.  This,  unfortunately,  pre¬ 
sents  a  severe  readout  problem  since  normal  read¬ 
outs  require  knowing  the  position  of  the  axis  of 
rotation  with  resj>ect  to  the  ball.  For  a  perfectly 
spherical  ball  the  moments  of  inertia  of  all  the 
axes  of  the  ball  are  equal  and  it  is  impossible  to 
anticipate  about  which  axes  the  gyroscope  will 
spin. 

Fairbank  resalized,  however,  that  the  so-called 
Ivondon  moment  could  provide  a  unique  way  of 
solving  this  readout  problem.  London's  (a)  theory 
of  superconductivity  predicted  that  a  spinning 
stqierconductor  would  spontaneously  develop  a 
magnetic  moment  of  10-Tu>  gauss  along  its  axis  of 
spin,  where  w  is  the  frequency  of  rotation  of  the 
l»ody.  The  existence  of  the  London  moment  was 
demonstrated  in  19C4  by  I5ol  and  Fairbank  (t>), 
supported  by  AFOSR,  as  well  as  by  Hildebmndt 
(7),  and  by  King,  Hendricks,  and  Rorschach  (#). 
The  London  moment  is  very  small  and  to  achieve 
the  required  readout  accuracy,  a  superconducting 
magetometer  with  a  sensitivity  of  10"10  gauss  wr«» 
developed  nt  Stanford  ($).  This  would  allow  an 
accuracy  in  readout  of  0.1  second  of  arc  for  a 
superconducting  ball  spinning  at  a  frequency  of 
4,000  radians  per  second  (<*>8,000  rev/minute).  The 
sensitivity  can  be  increased  to  at  least  the  required 
0.01  second  of  arc  by  averaging  over  a  year  or  by 
reducing  the  noise  temperature  in  the  amplifier 
to  liquid  helium  temperatures. 


Since  external  magnetic  fields  would  interact 
with  the  T/ondon  moment  causing  a  precession  of 
the  gyroscope  much  larger  than  the  desired  level, 
all  external  magnetic  fields  must  be  excluded  from 
the  vicinity  of  the  gyro.  This  has  been  made 
possible  by  another  unique  feature  of  super¬ 
conductors  also  predicted  by  London.  He  sug¬ 
gested  that  the  flux  in  a  superconducting  ring 
might  be  quantized  in  units  of  4  x  1G-7  gauss  cm7 
due  to  the  long-range  order  in  the  momentum  of 
electrons.  In  1961  Leaver  and  Fairbank  (10)  at 
Stanford  and  Doll  and  Nabauer  (11)  in  Germany, 
discovered  that  the  flux  trapped  in  a  superconduc¬ 
ting  ring  was  indeed  quantized,  but  in  units  of 
2  x  10  T  gauss  cm2.  This  factor  of  2  is  due  to  the 
pairing  of  electrons  in  a  superconductor  and  it 
provided  a  very  substantial  verification  of  the 
theory  of  Bardeen,  Cooper,  and  Schrieffer  (12). 
This  discovery  made  possible  for  the  first  time  the 
attainment  of  regions  in  which  the  magnetic  field 
is  truly  zero.  Leaver  and  Faicbank  observed  that 
the  flux  trapped  in  the  hole  in  a  small  supercon¬ 
ducting  cylinder  is  zero  if  the  cylinder  is  made 
superconducting  in  a  magnetic  field  of  such  size 
that  the  flux  in  the  hole  of  the  cylinder  is  belcw 
half  a  flux  unit.  The  Stanford  group  has  used  this 
unique  property  of  superconductors  to  design  a 
zero  magnetic  field  facility  (.9)  in  which  the  am- 
binet  magnetic  field  will  be  less  than  half  a  flux 
unit.  An  experiment  where  it  is  desired  to  obtain 
zero  magnetic  field  can  therefore  be  surrounded  by 
a  superconducting  shield,  placed  in  the  zero  mag¬ 
netic  field  facility,  and  then  cooled  below  the 
transition  temperature  of  the  shield.  When  the 
magnetic  shield  becomes  superconducting,  it  will 
trap  no  flux  and  inside  the  shield  there  will  be  a 
region  of  zero  magnetic  field. 

The  actual  gyroscope  will  consist  of  a  very 
homogeneous  and  spherical  quartz  ball,  l.!> 
inches  in  diameter  and  coated  with  a  thin  layer 
of  niobium.  The  ball,  electrostatically  supported 
across  a  supporting  space  of  1.5  thousandths  of 
an  inch,  is  spun  up  in  vacuum  when  in  the  super¬ 
conducting  state  by  helium  gas  jets.  The  entire 
gyroscope  is  surrounded  by  a  superconducting  4- 
inch  diameter  spherical  magnetic  shield  from 
which  the  last  quantum  of  flux  lias  Ikhui  excluded. 
The  superconducting  loop  f  the  readout  mag¬ 
netometer  (.9)  introduces  «.•■*•»  hilly  no  losses  in 
the  ball.  The  gyroscojie  ar.:l  re.ulout  loop  are  made 
an  integral  part  of  n  quart/.  te!esco|>e,  which  will 
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be  used  to  compare  the  axis  of  the  gyroscope  with 
t'he  position  of  the  stars.  Both  the  telescope  and 
gyro  will  be  operated  at  liquid  helium  tempera¬ 
tures.  The  complete  satellite  experiment,  supported 
by  NASA  after  initial  AFOSR  support,  will 
include  four  gyroscopes,  two  checking  the  larger 
effect  due  to  the  satellite's  motion  around  the  earth 
and  two  for  cheeking  the  earth's  rotation  effect  of 
0.05  second  of  arc  per  year.  The  experiment  will 
be.  kept  cold  for  more  than  1  year  by  approximately 
75  pounds  of  liquid  helium. 

If  the  gyroscope  is  at  rest  in  an  earthbound 
laboratory,  the  earth's  rotation  carries  the  gyro¬ 
scope,  through  the  earth's  gravitational  field,  and 
the  magnitude  of  the  first  “anomolous"  preces¬ 
sion  would  be  roughly  0.4  second  of  arc  per  year, 
rather  than  7  seconds  per  year.  However,  due  to 
support  torque  problems,  none  of  the  existing 
gyroscopes  are  anywhere  near  sensitive  enough  to 
carry  out  an  earthbound  experiment.  At  this  stage, 
the  Stanford  group  revived  the  well-known  idea 
that  a  spinning  nucleus  is  a  gyroscope  which 
suffers  none  of  the  usual  torques  caused  by  the 
necessity  of  supporting  the  gyroscope  against 
gravity  forces.  However,  there  is  one  serious  diffi¬ 
culty  with  a  free  precession  nuclear  gyro,  arid  that 
is  the  overwhelming  to:que  due  to  external  mag¬ 
netic  fields.  Since  a  nucleus  is  very  light  and  pro¬ 
duces  a  relatively  large  magnetic  field  along  its 
axis  of  spin,  a  very  weak  external  field  can  make 
the  nucleus  p recess  at  a  high  rate.  For  instance, 
a  He*  nucleus  will  precess  at  a  rate  of  20,000 
radians  per  second  per  gauss  if  the  external 
field  is  at  right  angles  to  the  He1  magnetic  moment. 
Calculations  show  that  in  order  to  do  the  rela¬ 
tivity  experiment  with  a  He3  nuclear  gyro,  the 
external  magnetic  field  would  have  to  be  reduced 
to  at  least  3  x  10-'*  gauss.  Previous  attempts  to 
make  free  precession  nuclear  gyroscopes  have 
failed  liecaiise  of  the  impossibility  of  making  the 
ambient  magnetic  field  sufficiently  small.  The  dis¬ 
covery  of  quantizer!  flux  has  suddenly  changed 
all  this. 

The  Stanford  group  under  Fairlmnk  and  sup¬ 
ported  by  AFOSR  has  designed  such  a  free  pre¬ 
cession  He1  gyroscope. (.9)  It  is  necessary  that  the 
relaxation  time  of  the  He1  nuclei  lie  longer  than 
a  year.  This  can  lie  satisfied  by  diluting  pure 
liquid  He3  in  10'  parts  of  the  completely  nonmag¬ 
netic  He',  The  He1  nuclei  must  also  lie  |»larized 
so  that  essentially  all  their  spins  are  pointing  *n 


the  same  direction.  This  can  be  uchieved  either  by 
optical  pumping  or  by  cooling  them  to  0.01°  K. 
in  the  held  of  100  kiloganss.  The  magnetic  field 
produced  by  the  polarized  He’  nuclei,  although 
an  order  of  magnitude  smaller  than  that  produced 
by  the  superconducting  gyro  discussed  previously, 
will  have  its  direction  monitored  by  a  detection 
circuit  basically  the  same  as  that  used  for  the 
superconducting  gyro.  Modifications  are  intro¬ 
duced  into  the  detection  -ireuit  in  order  to  prevent 
it  producing  a  magnetic  disturbance  which  can 
react  significantly  back  on  the  He3  nuclei.  (These 
modifications  are  discussed  in  some  detail  in  ref¬ 
erence  .9.)  The  He’  gyto,  approximately  0.2  inches 
in  diameter,  is  shielded  by  a  carefully  constructed 
superconducting  magnetic  shield  iry2  inches 
in  diameter.  Even  if  care  is  taken  to  eliminate  all 
ferromagnetic  materials,  it.  is  estimated  that  the 
magnetic  field  due  to  the  He’  nuclei  and  reflected 
from  the  spherical  shield  hack  on  the  nuclei  will 
have  a  disturbing  effect  equivalent  to  somewhat 
less  than  10  11  gauss.  Therefore,  the  apparatus 
presently  under  construction  will  not  lie  sufficiently 
perfect  to  perform  the  relativity  exjxiriment,  the 
expected  drift  rate  being  of  the  order  of  0.07 
second  of  arc  per  day. 

Although  the  apparatus  will  not  be  sensitive 
enough  to  perform  the  relativity  experiment,  the 
nuclear  giro  will  make  possible  a  new  important 
test  of  one  of  the  fundamental  symmetry  laws  in 
physics.  Tli is  symmetry  law,  the  principle  of  time 
reversal  invariance,  lias  been  considered  valid  for 
all  the  interactions  found  in  physics.  Recently, 
however,  high-energy  experiments  (13)  have 
shown  that  time  reversal  invariance  may  be  vio¬ 
lated  in  the  weak  interactions  or  in  the  electro¬ 
magnetic  interactions.  Now  a  nucleus  with  a  non¬ 
zero  angular  momentum,  such  as  He’,  will  have  a 
permanent  electric  dipole  moment  only  if  the 
principle  of  time  reversal  invariance  is  violated. 
(For  a  simple  classical  argument  demonstrating 
this,  see  Schiff,  t't).  However,  should  He’  have 
an  electric  dipole  moment,  a  strong  electric  field 
applied  across  the  gyro  should  cause  the  He’ 
nuclei  to  precess.  The  Stanford  experiment, 
planned  by  Fairbank  and  Hamilton, will  be  a  direct 
and  extremely  sensitive  test  of  the  principle  of 
time  reversal  invariance. 

In  conclusion,  as  Fairbnnk(.9)  has  said  :  • 

*  *  *  we  see  that  the  basic  discovery  of 
one  of  the  fundamental  properties  of  super- 


conductors,  the  property  of  macroscopic  flux 
quantization,  has  led  to  the  possibility  o< 
making  a  truly  zero  mat  letic  field  region  and 
a  readout  such  that  a  free  precession  nuclear 
gyro  can  be  made  which  in  principle  has  very- 
much  smaller  drift  rates  than  any  known  man¬ 
made  gyroscope  and  which  is  unalfected  by 
linear  accelerations.  The  peculiar  properties 
of  a  superconductor  with  respect  to  a  mag¬ 
netic  field  developed  along  its  rotating  axis 
and  the  associated  perfect  magnetic  shields 
give  rise  to  the  possibility  of  a  gyro  in  space 
which  is  more  sensitive  than  any  existing 
gyroscope.  These  two  gyroscopes  in  turn  make 
it  possible  for  the  first  time,  a  test  of  the 
equations  of  motion  in  Einstein's  general 
theory  of  relativity,  and  a  new  test  of  the 
fundamental  symmetry  law  of  time-reversal 
invariance.  So  we  have  come  full  sweep,  a 
fundamental  experiment  makes  possible  a 
practical  application,  which  in  turn  makes 
possible  a  still  more  fundamental  experiment. 
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Cosmic  Kay  Physics 

Maj.  Joseph  E.  Girrell 

Cosmic  rays  were  discovered  in  1912,  but  little 
cosmic  ray  research  was  accomplished  for  the  next 
two  decades.  Then  as  man’s  knowledge  of  nuclear 
physics  increased  and  better  scientific  instrumenta¬ 
tion  became  available,  research  in  cosmic  ray  phy¬ 
sics  substantially  increased.  During  this  early 
period,  most  research  was  directed  primarily  to¬ 
ward  the  determination  of  the  composition,  origin, 
and  energy  spectrum  of  the  cosmic  rays.  These 
areas  are  still  under  study  today. 

In  recent  years,  however^osmic  ray  research  has 
received  additional  emphasis  "because  of  its  rela¬ 
tionship  to  other  scientific  fields.  For  instance,  the 
Air  Force  and  NASA  desire  to  know  the  cosmic 
ray  hazard  to  manned  space  flight.  High-energy 
physicists  wish  to  use  cosmic  rays  to  learn  more 
about  the  elementary  particles.  (Indeed,  many  of 
the  elementary  particles  were  first  discovered  in 
cosmic  ray  research.)  Also,  the  cosinologist  is 
interested  in  cosmic  rays  as  a  means  of  providing 
information  useful  in  the  formulation  and  verifi¬ 
cation  of  cosmological  theories. 

AFOSR  has  supported  cosmic  my  research 
since  1952.  During  this  time  the  funds  allotted  to 
cosmic  ray  research  have  increased  from  approxi¬ 
mately  $150,000  per  year  to  $650,000  per  year.  Ini¬ 
tially  support  was  limited  to  projects  which  used 
cosmic  rays  for  the  study  of  elementary  particles. 
However,  after  the  launching  of  the  first  manmade 
satellite  additional  funds  were  allocated  to  support 
research  in  the  space  environment  aspects  of  cos¬ 
mic  radiation.  Today  the  AFOSR  program  sup¬ 
ports  research  in  most  areas  of  cosmic  ray  research 
that  are  of  relevance  to  the  Air  Force  and  of  cur¬ 
rent  scientific  interest. 

Perhaps  the  best  way  to  indicate  the  contribution 
of  AFOSR-sponsored  cosmic  ray  research  to  man’s 
knowledge  is  to  discuss  briefly  the  work  of  a  few 
of  the  scientists  supported  in  the  AFOSR  program. 
One  group  at  the  Enrico  Fermi  Institute  for  Nu¬ 
clear  Studies  at  the  University  of  Chicago  has 
been  supported  for  many  years  and  has  made 
valuable  contributions  to  science.  This  group  is 
directed  by  John  A.  Simpson  and  has  been  inter¬ 
ested  primarily  in  the  low-energy  components  of 
cosmic  radiation,  i.e.,  particles  of  less  than  I  BeV. 

Initially  the  Chicago  group  was  interested  in 
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obtaining  data  on  the  neutron  intensity  in  cosmic 
radiation.  Instrumentation  was  carried  aloft  in 
high-flying  aircraft  and  also  placed  in  ground 
laboratories  at  various  altitudes  and  latitudes.  The 
ground  stations  ranged  fron.  Chicago  to  Huan- 
cayo,  Peru,  and  were  later  expanded  to  include  Eu¬ 
ropean  stations  and  shipboard  stations.  The  neu¬ 
tron  detector  used  was  designed  by  the  Chicago 
group  and  was  adopted  as  a  standard  detector  for 
worldwide  measurement  in  the  International  Geo¬ 
physical  Year. 

Starting  in  1958  this  group  entered  the  satellite 
program  by  placing  scient  ific  instrumentation  on 
NASA  satellites.  The  direction  of  research  also  was 
modified  toward  obtaining  charged  particle  cppc- 
tra  and  fluxes  encountered  in  orbit.  This  program 
has  led  to  several  major  accomplishments.  One  was 
the  careful  mapping  of  the  earth’s  outer  magnetic 
field  as  opposed  to  surface  measurements  of  the 
magnetic  field.  By  establishing  that  large  dif¬ 
ferences  exist  between  geomagnetic  coordinates  at 
ground  level  and  those  in  the  outer  field,  it.  was 
possible  to  dear  up  many  seeming  anomalies  that 
had  existed  in  the  data  on  cosmic  ray  intensity 
distribution. 

Another  notable  accomplishment  of  the  Chicago 
group  was  the  gathering  of  the  most  definitive 
data  known  on  the  cosmic  radiation  associated  with 
the  giant  solar  flare  of  23  February  1956.  That 
produced  the  fifth  and  largest  major  increase  in 
cosmic  radiation  since  the  first  observation  of  this 
phenomenon  in  1942.  Extensive  data  were  taken 
from  all  the  ground  measurement  stations,  and, 
because  of  an  alarm  system  developed  by  the  re¬ 
searchers,  they  were  able  to  release  a  balloon  that 
reached  90.000  feet  over  Chicago  to  gather  data 
during  the  time  of  intense  cosmic  ray  activity. 
The  insight  gained  by  the  analysis  of  this  solar 
flare  data  has  led  to  a  greater  recognition  of  the 
solar  contribution  to  primary  cosmic  ray  flux.  For 
example,  it  was  determined  that  the  Forbush  de¬ 
crease  (a  sharp  intensity  and  spectral  change  in 
cosmic  radiation  that  occurs  during  magnetic 
storms)  is  of  solar  origin.  It  had  previously  been 
thought  that  this  decrease  was  associated  with 
the  earth’s  magnetic  field  in  some  way.  As  this 
example  suggests,  cosmic  ray  research  often  pro¬ 
duces  important  new  knowledge  about  other  re¬ 
lated  fields.  In  this  case  the  cosmic  rays  serve  as  a 
magnetic  field  probe  and  the  data  obtained  have 
direct  application  on  radio  communication  studies 
and  space  vehicle  guidance  and  radiation  hazards. 


The  most  recen'  accomplishments  of  the  Chicago 
group  concern  the  experiments  placed  aboard  four 
satellites:  Interplanetary  Monitor  Platform  III 
(IMP-III),  Orbiting  Geophysical  Observatory 
II  (OGO-II),  Pioneer  6  deep  space  probe,  and 
Mariner  IV.  The  instruments  placed  aboard  these 
spacecraft  are  obtaining  informat  ion  as  to  the  com- 
position  and  abundance  of  cosmic,  rays.  This  in¬ 
formation  is  proving  to  be  of  great  value  to  man}- 
areas  of  science.  For  example,  Mariner  IV,  looking 
for  trapped  radiation  near  Mars,  determined  that 
the  magnetic  field  of  Mars  is  less  than  one  one- 
thousandth  the  earth's  field. 

Another  group  that  has  produced  significant  re¬ 
sults  under  AFOSR  sponsorship  is  at  the  Univer¬ 
sity  of  Rochester  under  the  direction  of  M.  F.  Kap- 
lon.  This  group  has  collected  data  from  balloons 
and  ground-based  equipment  and  has  been  con¬ 
cerned  primarily  with  the  high-energy  components 
of  cosmic  radiation.  (This  is  the  part  of  the  cosmic 
ray  spectrum  of  most  interest  for  the  study  of 
nuclear  interactions.)  The  early  work  of  this  group 
helped  establish  the  fact  that  light  element  nuclei 
(lithium,  beryllium,  and  boron)  were  present  in 
the  cosmic  rays.  Whether  the  light  elements  are 
primary  cosmic  rays  or  are  produced  as  fragments 
from  nuclear  interactions  s  still  not  known. 

In  recent  years  the  Rochester  group  has  been 
studying  the  energy  spectrum,  the  composition, 
and,  where  possible,  the  isotopic  structure  of  the 
charged  primary  cosmic  rays.  This  is  accomplished 
by  using  balloon  and  satellite-borne  lithium- 
drifted  solid-state  detectors,  scintillators,  and 
(  erenkov  light,  detectors.  The  charge  composition 
is  a  very  useful  parameter  since  the  existence  of 
rare  components  such  as  H2,  He5,  Li,  Be.  and  B  are 
used  in  formulating  models  suggesting  the  origin 
of  cosmic  rays. 

Also  of  importance  is  the  work  done  by  the 
Rochester  group  in  the  detection  of  high-energy 
primary  gamma  rays.  By  means  of  a  gamma  ray 
telescope  carried  aloft  by  balloon,  it  was  found 
that  very  few,  if  any,  high-energy  gamma  rays 
were  emitted  by  the  Crab  Nebula,  a  celestial  body 
that  could  conceivable  be  a  source  for  such  radia- 
t  ion.  Their  experiment  yielded  the  lowest  value  for 
an  upper  limit  on  the  high-energy  gamma  flux 
from  that  nebula. 

The  AFOSR  cosmic  ray  research  program  has 
included  several  foreign  projects.  One  such  project 
is  the  partial  support  of  a  cosmic  ray  laboratory 
on  top  of  Mount  Chacaltaya  near  La  Paz,  Bolivia. 
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This  mmintaintnp  laboratory  is  the  highest  such 
facility  in  the  world  (17,:200  ft.)  and  is  located 
within  four  degrees  of  the  geomagnetic  equator. 
Since  the  laboratory  is  accessible  year  round  and 
the  wind  velocities  are  rather  low,  this  facility  is 
quite,  suited  for  cosmic  ray  resenreh.  AFSOR  has 
supported  research  directly  at  the  laboratory  on 
cosmic  ray  intensity  variation  studies  in  addition 
to  supporting  a  large  experiment  conducted  there 
by  a  group  at  MIT  under  the  direct  ion  of  George 
Clark, 

The  intensity  variations  research  under  Ismael 
Escobar  collected  data  for  several  years  on  the  cos¬ 
mic  ray  intensity  as  well  as  temperature  and  pres¬ 
sure  data  taken  by  radiosonde  equipment.  Those 
data  supplied  evidence  that  the  source  of  daily 
variations  in  cosmic  ray  intensity  was  due  to  extra¬ 
terrestrial  effects. 

The  MIT  group  established  special  equipment 
on  Mount  Chacaltaya  to  study  extensive  air  show¬ 
ers.  (A  shower  of  particles  is  caused  by  a  high- 
energy  cosmic  ray  particle  interacting  with  the 
al  mosphere  and  producing  a  cascade  of  many  sec¬ 
ondary  particles  that  impinge  upon  the  earth  over 
a  large  area. )  The  equipment  consisted  of  an  array 
of  symmetrically  arranged  scintillation  detectors 
connected  to  a  common  recording  station.  This  air- 
shower  array  was  the  highest  elevation  array  ever 
established.  The  results  of  the  data  obtained  from 
this  array  showed  that  the  structure  of  air  showers 
at  this  altitude  varied  markedly  from  that  at  sea 
level.  This  led  to  a  much  better  understanding  of 
air-shower  development  and  how  elementary  par- 
t  icles  interact  at  extremely  high  energies. 

This  air-shower  experiment  led  to  another  ex¬ 
periment  called  the  Bolivian  Air  Shower  Joint  Ex¬ 
periment  (RASJE)  which  had  the  primary  objec¬ 
tive  of  gathering  data  on  the  high-energy  gamma 
ray  component  of  primary  oosmie  radiation.  Very 
high  energy  gamma  rays  are  hard  to  detect  but  are 
of  interest  because  they  are  uncharged  (unlike 
most  cosmic  radiation)  and  are  therefore  not  in¬ 
fluenced  by  interstellar  magnetic  fields.  They 
should  travel  directly  from  their  source  to  the 
earth.  Hence,  if  their  arrival  direction  is  obtained, 
the  direction  of  the  source  of  the  cosmic  rays  can 
be  determined.  Also,  since  the  production  of  high- 
energy  gamma  rays  is  likely  to  occur  only  under 
very  special  conditions,  the  source  of  such  rays  can 
tell  something  of  the  nature  of  stellar  processes. 
Another  reason  gamma  my  astronomy  may  be  of 
value  is  that  itcould  provide  information  about  the 


center  of  our  own  galaxy.  Optical  telescopes  can¬ 
not  view  the  center  of  our  galaxy  because  of  the 
grea-  amount  of  interstellar  dust  which  makes  this 
region  opaque  to  visible  light.  High-energy  gamma 
rays,  however,  rail  penet  rate  th  is  dust. 

The,  RASJE  experiment  is  still  in  progress  and 
the  data  is  being  analyzed.  Results  thus  far  indi¬ 
cate  that  there  are  air  showers  of  low  muon  con¬ 
tent  that  appear  to  be  produced  by  primary 
gamma  rays.  A  search  is  being  made  to  determine 
if  tliese  showers  are  produced  by  gamma  rays 
emanating  from  certain  regions  in  the  celestial 
sphere.  The  results  of  this  experiment  will  be  of 
great  value  to  oosmologists  and  other  scientists. 

Another  foreign  research  project  supported  by 
AFOSR  is  a  project  located  in  Australia  which 
is  under  the  direction  of  C.  B.  A.  McCusker.  This 
experiment  has  the  purpose  of  investigating  ex¬ 
tensive  air  showers.  One  part  of  the  experiment 
is  designed  to  study  the  core  of  the  air  shower. 
A  fiO-square-metor  array  of  fiO  plastic  scintillators 
is  used  for  this  purpose.  The  results  thus  far  indi¬ 
cate  that  the  core  of  an  air  shower  varies  according 
to  the  type  of  primary  particle  which  produces  the 
shower.  A  primary  proton  will  produce  one  con¬ 
centrated  area  of  secondaiy  shower  particles  with 
a  diminishing  number  of  particles  extending  out 
ward  from  this  central  point.  However,  a  primary 
cosmic  ray  deuteron  will  break  up  into  two  par¬ 
ticles  upon  entering  the  atmosphere  and  will  pro¬ 
duce  a  shower  pattern  of  two  concentrations  of 
secondary  particles.  Indeed,  of  the  primary  parti 
cle  is  an  iron  nucleus  one  would  expect  that  the 
core  of  the  bower  would  contain  approximately 
5(1  concentrated  areas  of  secondary  particles,  each 
as  a  result  of  the  56  nucleons  in  the  iron  nucleus 
being  torn  apart  upon  impact  with  atmospheric 
nuclei.  These  results  of  the  nature  of  air  shower 
cores  was  first  published  by  the  Sydney  group  and 
other  groups  throughout  the  world  are  confirming 
them. 

The  second  part  of  this  experiment  is  a  study 
of  shower  size  and  energy  spectrum.  The  largest 
air-shower  array  in  toe  world  is  being  constructed 
in  Australia  tr.  detect  showers  produced  by  parti¬ 
cles  of  u  10J0  eV.  (100  billion  billion  electron 
volts).  This  army  of  detectors  will  be  spread  over 
an  area  of  100  square  miles.  It  is  anticipated  that 
an  upper  limit  may  be  found  for  cosmic  ray  par¬ 
ticles  and  that  these  extremely  high-energy  parti¬ 
cles  will  originate  from  certain  areas  of  the 
celestial  sphere,  since  particles  of  this  energy  are 
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not  much  deflected  by  magnetic  fields.  The  results 
of  this  cvperiment  will  be  of  great  scientific  value 
and  they  will  be  unique,  for  no  other  array  of  this 
size  is  under  construction  or  even  contemplated 
at  this  time.  In  addition,  this  array  will  provide 
a  unique  facility  to  calibrate  other  air-shower 
experiments  such  as  those  that  detect  the  radio 
emission,  Cerenkov  light,  or  scintillation  light  pro¬ 
duced  by  an  air  shower. 

The  preceding  examples  of  AFOSR-sponsored 
cosmic  ray  research  do  not,  of  course,  give  a  com¬ 
plete  picture  of  the  work  being  accomplished  by 
these  groups.  In  a  report  of  this  scone,  it  is  im¬ 
possible  to  mentio  all  those  supported  by  AFOSR 
who  are  contributing  to  scientific  knowledge  in 
general  and  to  the  Air  Force  mission  indirectly. 
AFOSR  program  has  made  unique  and  valuable 
contributions  to  the  knowledge  of  cosmic  rays  and 
to  the  related  fields  of  space  physics,  elemental^ 
particle  physics,  astronomy,  and  cosmology.’ With¬ 
out  Air  Force  support,  there  is  no  doubt  that 
knowledge  i:i  these  fields  would  be  significantly 
less  than  it  is  today. 


Theoretical  Elementary 
P 'article  Physics 

Capt.  Doxald  K.  Lehman 

Forthe  past  14  years,  the  Air  Force  has  played  a 
significant  role  in  the  support  of  scientists  working 
in  the  area  of  elementary  particle  physics.  Ini¬ 
tially,  the  primary  emphasis  was  experimental 
elementary  particle  physics;  but  in  the  early 
sixties,  due  to  increased  costs  in  the  accomplish¬ 
ment  of  experiments  and  relatively  stationary 
budgets,  emphasis  shifted  to  a  program  primarily 
involving  theoretical  efforts.  Today,  the  subjects 
of  these  projects  range  over  the  spectrum  of  topics 
on  the  forefront  of  elementary  particle  physics 
research. 

The  purpose  of  this  article  is  to  discuss  in  a 
broad  manner  the  main  avenues  of  research  in  ele¬ 
mentary  particle  physics  and  to  give  examples  of 
work  completed  or  presently  being  pursued  by 
AFOSR  grantees  anil  coni ram  -ii*  ->  these  areas. 
The  text  is  divided  arcording  to  the  methods  of 


approach  to  the  elementary  particle  problem; 
namely,  quantum  field  theory,  S-matrix  theory, 
and  symmetry  principles  or  the  algebraic  ap¬ 
proach.  Following  a  brief  description  of  each  par¬ 
ticular  approach,  an  example  of  work  in  that  area 
sponsored  by  AFOSR  is  described. 

The  goal  of  theoretical  particle  physics  is  to 
formulate  a  theory  to  account  for  and  classify  the 
proliferation  of  elementary  particles  which  have 
been  experimentally  detected  in  the  past  5  years. 
The  problem  of  finding  a  single  theory  to  explain 
the  properties  of  and  to  account  forthe  100  or  more 
elementary  particles  is  pursued  by  the  methods 
mentioned  in  the  previous  paragraph:  Quantum 
field  theory,  S-matrix  theory,  and  symmetry  prin¬ 
ciples.  To  be  absolutely  correct,  one  cannot  in  the 
strict  sense  call  any  of  these  a  theory,  because  none 
has  succeeded  in  doing  more  than  yielding  an  un¬ 
derstanding  of  some  small  area  of  theoretical  par¬ 
ticle  physics.  Furthermore,  they  are  not  mutually 
exclusive,  but  overlap  in  many  ways. 

The  three  main  approaches  described  above  have 
as  their  foundation  the  principles  of  quantum 
mechanics  and  special  relativity,  neither  of  which 
seems  to  be  challenged  by  experiment  to  date. 

ithin  this  framework,  the  desire  is  to  find  a  uni¬ 
fied  description  of  the  four  types  of  interactions 
which  are  responsible  for  the  physics  of  the  ele¬ 
mentary  particles  and  their  properties.  These 
interactions  are  classified  according  to  their  rela¬ 
tive  strengths:  strong,  1;  electromagnetic,  10  2; 
weak,  10- M;  and  gravitational  Kb”.  Primarily, 
effort  is  centered  on  the  development  of  a  theory 
of  the  strong  and  weak  interactions,  since  quantum 
electrodynamics  seems  at  present  to  be  an  adequate 
theory  for  the  description  of  the  electromagnetic 
interaction,  and  the  gravitational  interaction  is 
too  weak  to  be  considered  of  importance  at  this 
stage  of  investigation. 

Quantum  fitld  theory 

The  use  of  the  concepts  of  relativistic  quuntum 
field  theory  to  describe  the  strong  and  weak  inter¬ 
actions  has  its  background  in  the  success  of  quan¬ 
tum  electrodynamics.  Quantum  electrodynamics 
is  the  quantum  version  of  the  classical  field  theory 
of  elect  romagnet  ism.  It  ascribes  to  the  electromag¬ 
netic  force.  Hie  photon  is  a  particle  of  zero-mass 
itself  in  the  photon,  the  carrier  of  the  electromag¬ 
netic  fon-e.  The  photon  is  a  particle  of  zero-mass 
and  the  elect  romagnet  ic  interaction  or  force  is  lone 
range. 


The  application  of  quantum  field  theory  to 
describe  the  st rongiy  and  weakly  interacting  par¬ 
ticles  is  accomplished  through  analog}-  with  quan¬ 
tum  electrodynamics.  The  theory  is  based  on  a  num¬ 
ber  of  basic  ‘'matter-fields"  to  describe  the  particles 
and  their  interactions.  These  basic  fields  are  then 
raised  to  quantum  status  by  means  of  certain 
mathematical  relations  and  from  this,  the  particle 
interpretation  emerges  just  as  in  the  case  of  the 
photon.  However,  the  force  carrying  particles  are 
massive  and  as  a  consequence,  the  short-range 
character  of  the  strong  and  weak  forces  is  obtained. 

The  concepts  of  quantum  field  theory  are  used  in 
many  different  problems.  Recently,  J.  Sucher  of 
the  University  A  Maryland  and  G.  Feinberg  of 
Columbia  University  studied  the  long-range  forces 
acting  between  pairs  of  particles,  at  least  one  of 
which  is  neutral  and  spinless  (i.e.,  it  has  no  angu¬ 
lar  momentum).  This  work  (I ),  supported  in  part 
by  the  nuclear  physics  division  of  AFOSR,  was 
pursued  to  establish  whether  or  not  such  long 
range  forces  are  presently  observable  in  particle 
physics.  It  turned  out  that  for  the  particle  physics 
problem  they  considered,  namely,  the  long-range 
force  between  K-mesons,  the  long-range  effects 
were  not  detectable.  However,  another  interesting 
result  was  obtained  from  this  work  concerning  tie 
long-range  forces  between  two  neutral  molecules, 
called  van  der  IVaals  forces,  which  determine  the 
macroscopic  properties  of  matter  such  as  surface 
tension,  viscosity,  and  solubility. 

The  first  quantitative  theory  of  van  der  Waals 
forces  was  advanced  by  the  German  physicist, 
Fritz  London,  in  1930  (2).  In  this  theory,  a  par¬ 
ticular  dynamical  model  is  assumed  and  the  inter- 
molecular  forces  arise  front  the  electrostatic  inter¬ 
action  between  two  dipoles.  The  energy  of  the  in¬ 
teraction  turns  out  to  be  proportional  to  r*  and  the 
force  to  r‘\  where  r  is  the  distance  between  the 
1  todies.  London's  approach  is  not  valid  at  large 
separations  due  to  the  neglect  of  the  retardation 
effects  in  the  interaction  between  the  two  neutral 
•systems.  The  retardation  effects  were  first  con¬ 
sidered  by  the  Dutch  physicists,  11.  G.  B.  Casimir 
and  D.  Polder  in  1948  {■{).  Casimir  and  Polder 
found  that,  at  relatively  large  distances,  the  inter¬ 
action  energy  and  the  force  are  proportional  to 
r  f  and  r  \  respectively,  in  contradiction  to  the 
I guidon  expressions. 

The  more  comprehensive  quantum  Held  theory 
calculat  iontf  of  Suclter  and  Feinbeig  yielded  a  more 
general  result.  Their  wo-k  proved  that  the  result  of 


Casimir  and  Polder  concerning  van  der  Waals 
forces  is  independent  of  the  detailed  dynamical 
models  for  the  individual  interacting  systems. 
However,  due  to  the  binding  of  atoms  by  electro¬ 
magnetic  interactions,  there  is  an  exponential 
term  in  the  expression  for  the  interaction  energy 
which  may  dominate  the  interaction  potential  for 
many  atomic  radii  before  the  rT  terms  become  of 
importance. 

S-Matrix  Theory 

The  S-matrix  theory,  or  scattering-matrix  the¬ 
ory,  approach  dees  not  deal  a  ith  the  elementary 
particle  problem  at  nearly  the  basic  level  as  the 
quantum  field  theory  approach.  The  aim  is  to  rely 
on  empirical  results  of  one  experiment  to  predict 
the  results  of  another,  while  learning  about  the 
various  interactions  without  making  assumptions 
concerning  their  nature  beforehand.  Experimental 
quantities,  such  as  cross  sec  t  '  ins,  are  used  to  learn 
about  the  properties  of  the  interactions  and  to  de¬ 
duce  their  nature.  Of  course,  the  hope  is  that  this 
"black  box”  approach  will  ultimately  give  the  clues 
for  development  of  the  correct  theory  to  describe 
the  elementary  particles  and  their  interactions. 

One  technique  employed  to  carry  out  the  above 
program  is  the  use  of  dispersion  relations.  Dis¬ 
persion  relations  (4)  had  their  first  applications 
in  optics,  where  through  such  a  relation,  the  index 
of  refraction  is  related  to  the  absorption  coefficient 
of  a  given  medium.  Similarly,  in  the  description 
of  a  particle  scattering  from  a  scattering  center, 
one  can  utilize  the  warecharacie:'  of  the  particle  to 
relate  the  scattered  wave  to  the  wave  describing 
the  particle  before  interaction  with  the  medium. 
This  is  called  a  single-dispersion  relation.  In  1959, 
the  single-dispersion  relation  was  extended  to  a 
double-dispersion  relation  by  Stanley  Mandle- 
stam.  who  was  a  member  of  a  theoretical  group 
sponsored  by  AFOSR  at  the  University  of  Cali 
foroia,  Berkeley.  This  work  made  it  possible  to 
consider  more  complicated  particle  interactions. 
It  is  also  interesting  to  note  that  these  same  tech¬ 
niques  have  applications  in  the  propagation  of 
radiation  in  the  atmosphere,  shielding  problems 
and  electrical  systems. 

One  theoretical  physicist  who  has  played  an  im¬ 
portant  role  in  the  development  and  application 
of  dispersion  relations  in  particle  physics  is  Mar¬ 
vin  Goldberger  who  is  principal  investigator  on 
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tui  AFOSR  contract  at  Princeton.  The  Mandle- 
stani  dispersion  techniques  permitted  Goldberger 
and  his  associates  to  relate  such  tiling  as  scatter¬ 
ing  amplitudes  of  certain  physical  processes  to  the 
absorption  amplitudes  of  related  processes.  These 
results  allowed  many  inferences  to  be  drawn  con¬ 
cerning  the  pro|>erties  of  the  interactions.  Accord¬ 
ingly,  such  topics  as  the  electromagnetic  structure 
of  the  nucleon  were  studied  exhaustively. 

More  recently,  dispersion  techniques  have  been 
used  in  conjunction  with  the  algebraic  approach 
to  the  elementary  particle  problem. 

Symmetry  Principles 

The  symmetry  principles  approach  embodies  the 
attempt  at  finding  algebraic  principles  and  ap¬ 
proximate  conservation  laws  as  an  aid  to  discover¬ 
ing  what  the  correct  elementary  particle  theory 
may  lie  like.  The  experimentalist  classifies  particles 
and  particle  resonances  into  a  multiple!  structure 
(similar  to  atomic  spectra  multiplets)  according  to 
some conser-ed  quantum  property  like  parity.  This 
data  permits  the  theoretical  physicist  to  identify  a 
possible  mathematical  group  to  represent  the  in¬ 
variance  group  of  the  underlying  dynamics.  Once 
this  is  accomplished,  results  which  can  be.  verified 
by,  experiment  are  calculable. 

The  algebraic  'net hod  involves  the  use  of  Lie 
groups  and  their  representations.  Lie  groups  were 
developed  in  the  19th  century  by  the  Norwegian 
mathematician  Sophus  Lie.  The  basic  concept,  the 
group,  i«  defined  as  a  set  of  operations  possessing 
the  property  that  any  two  of  them  performed  in 
succession  are  together  equivalent  to  another  op¬ 
eration  belonging  to  the  set.  A  representation  of  a 
group  is  a  set  of  numbers  and  a  rule  of  transfor¬ 
mation  of  these  numbers  such  that  each  operation 
of  the  group  produce-  a  w?)l-ilr lined  transforma¬ 
tion  of  ihe.se  numbers.  With  these  two  basic  ideas, 
the  theoretical  physicist,  aided  by  the  work  done 
by  mathematicians  on  group  theory,  is  prepared  to 
apply  group  theory  to  physical  problems.  This  is 
|>ossibIe  since  the  laws  of  quantum  mechanics  re¬ 
quire  that  whenever  a  physical  object  has  a  sym¬ 
metry,  there  is  a  well-defined  group  of  operations 
that  preserve  the  symmetry,  and  the  possible  quan¬ 
tum  states  of  tlie  object  are  then  in  exact  corre¬ 
spondence  with  the  representations  of  the  group. 

The  algebraic  approach  has  been  very  success¬ 
ful  in  permitting  the  elaboration  and  prediction  of 


numerous  symmetry  properties  of  the  elementary 
particles.  The  existence  of  families  of  related 
strongly  interacting  particles,  charge  multiplets 
and  superamltiplets,  as  well  as  mass  splitting  rules 
within  the  families  have  been  predicted  and  veri¬ 
fied  by  experiment.  Selection  and  intensity  rules 
for  the  production  of  the  particles  and  their  de¬ 
cays  through  strong  interactions  have  been  de¬ 
rived.  However,  some  of  the  most  recent  and  im¬ 
portant  results  have  been  obtained  by  combination 
of  the  algebraic  method  with  dispersion  tech¬ 
niques  best  known  as  the  algebra  of  currents. 

The  use  of  dispersion  methods  in  the  study  of 
symmetries  was  first  developed  (5)  in  19f>4  6,">  by 
G.  Furlan  (Institute  of  Physics — University  of 
Trieste)  and  S.  Fubini  (Institute  of  Physics — 
I'niversity  of  Torino)  under  an  AFOSR  grant  and 
was  later  extended  to  a  relativistic  formulation  in¬ 
dependently  by  S.  Adler,  IV.  Weisberger  {/<),  and 
S.  Fubini,  G.  Furlan  and  ('.  Rossetti  (7).  Re¬ 
cently,  another  application  of  these  methods  to 
higher  symmetry  schemes  has  been  pursued  by  G. 
Segre,  8.  Fubini,  and  ,1.  I).  Walecka  (5)  in  col¬ 
laboration.  Walecka  is  a  member  of  a  theoretical 
group  at  Stanford  University  which  is  sponsored 
by  AFOSR.  Many  other  applications  have  oc¬ 
curred  in  the  past  year  also. 

The  impact  of  the  current  algebra  approach  in 
elementary  particle  physics  has  been  particularly 
significant  intbetheory  of  weak  interactions  and  in 
giving  the  physicist  a  deeper  understanding  of  the 
symnarry  projterties  of  elementary  particles.  The 
scheme  is  based  on  a  postulate  which  w-as  proposed 
by  Murray  Gell-Mann  (.*>)  and  can  be  used  to  derive 
“sum  rules”  involving  only  experimental  quanti¬ 
ties.  Tlie  first  application  of  this  new  approach  is 
due  to  Adler  and  Weisberger (6‘)  who  derived  n  sum 
rule  relating  the  weak  interaction  ratio  of  the 
renormalized  axial-vedor  anti  vector-coupling  con¬ 
stants  of  jtf-decay  to  experimental  quantities  ap- 
(tearing  in  pion-nucleon  scattering.  The  result  is  in 
excellent  agreement  with  the  experimental  value. 
Further,  Fubini,  Furlan.  and  Rossetti  (7. 10)  have 
obtained  relations  between  the  isoscalar  and  iso- 
vector  anomalous  moments  of  the  nucleon  and  the 
corresponding  photopion  production  amplitude. 
These  relations  also  are  in  excellent  agreement  with 
the  experimental  values.  In  addition  to  these  re¬ 
sults.  many  other  interesting  applications  have 
been  completed  or  are  in  progress. 
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Crystal  Nucleation  and  Growth 

Lt.  Cot,  Ralph  \V.  Connebs 

Since  the  early  1960's  AFOSR  has  supported 
selected  programs  to  study  the  process  of  crystal 
nucleation  and  growth;  techniques  of  purification; 
mechanisms  of  impurity  segregation,  and  density 
and  distribution  of  impurities;  techniques  for 
forming  precisely  known  compounds  and  struc¬ 
tural  imperfections  of  crystals.  This  broad  pro¬ 
gram  has  as  its  objective  better  understanding  of 
the  crystal  growth  mechanisms  and  techniques 
in  order  to  advance  the  science  and  develop  the 
technology  for  making  materials  with  the  opti¬ 
mum  mierostructure  for  certain  desirable  physical 
properties  of  materials.  In  the  past,  much  of  the 
work  in  the  area  of  crystal  growth  was  empirical 
and  a  few  scientists  became  experts  growing  cer¬ 
tain  selected  crystals  for  their  own  use. 

AFOSR  has  supported  a  program  with  William 
A.  Tiller,  Stanford  University,  from  1961,  first  at 
Weslinghouse  Research  Laboratories  and  later 
Stanford  University,  This  program,  entitled 
"Crystallogenics,"  stands  for  crystal  genesis  or  the 
birth  and  growth  of  crystals.  Progress  has  been 
made  in  the  area  of  nucleation,  atomic  kinetics, 
solute  manipulation,  controlled  fluid  flow,  inter¬ 


face  morphology  control,  physical  imperfections, 
phase  equilibria,  and  property  and  perfection 
studies. 

In  the  area  of  nucLation,  the  effect  of  electro 
magnetic  stirring  during  solidification  has  been 
demonstrated  as  a  practical  means  of  achieving  an 
isotropic  fine-grain  texture  in  alloys  (/).  This 
grain  refinement  produces  a  material  with  greater 
homogeneity  and  increase  in  the  physical  proper¬ 
ties.  In  the  area  of  atomic  kinetics  several  new 
techniques  have  been  devised  for  investigating  the 
difference  between  the  possible  atomic  mechanisms 
during  growth  from  the  melt  (2,  3).  In  the  area 
of  solute  manipulation  a  quantitative  analysis  was 
made  of  the  effect  of  an  electric  field  on  the  redis¬ 
tribution  of  solute  atoms  during  freezing  and  n 
technique  proposeu  for  measuring  the  effective 
ionic  mobility  of  solute  atoms  in  the  melt  ( 2 ,  3). 
In  the  area  of  controlled  fluid  flow,  it  has  been 
shown  that  by  application  of  electromagnetic  en¬ 
ergy  to  a  liquid  melt,  both  the  melt  temperature 
and  its  motion  may  be  controlled.  An  analysis  was 
made  on  the  influence  of  correction  on  the  redis¬ 
tribution  of  solute  during  the  freezing  process  and 
a  consistent  mathematical  formation  developed 
{2.  3).  In  the  area  of  interface  morphology  con¬ 
trol,  two  dominant  principles  that  determine  par¬ 
ticular  interface  morphologies  were  postulated. 
Some  ex|ieriniental  support  for  these  postulates 
was  also  determined.  (-{)•  In  the  area  of  physical 
imperfect  ions  several  mechanisms  for  dislocation 
generation  during  crystal  growth  were  postulated 
and  experimental  support  found.  Sophisticated 
X-ray  techniques  are  being  developed  for  more 
exacting  tests  (6.6,  7).  In  the  area  of  phase  equili- 
brn,  solidification  techniques  were  developed  for 
deter, .lining  the  partition  coefficients,  tielines  and 
liquidus  surfaces  in  multicomponent  systems.  In 
the  area  of  property  and  perfection  studies  they 
have  been  able  to  show  that  a  high  probability 
exists  for  the  rearrangement  of  dislocation  tangles, 
at  slip-plane  intersections  in  a  metal,  to  a  lower 
energy  array  resembling  a  twin.  This  has  consid¬ 
erable  significance  relative  to  the  fracture  stress 
of  metals  and  to  the  estimation  of  stress  from 
basic  data  (<S). 

The  product  of  the  above  studies  has  t>ee» 
largely  scientific  understanding  but  has  contrib¬ 
uted  to  the  beginnings  of  some  practical  applica¬ 
tions  of  the  freezing  process  to  <«?)  ingot  structure 
control,  (6)  preparation  of  large  polymer  single 
crystals,  and  (c)  the  ultra  purification  of  water. 
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It  can  be  predicted  from  the  study  of  the  freez¬ 
ing  process  coupled  with  electromagnetic  stirring 
of  molten  metals  and  alloys  that  improved  ingot 
structure,  improved  ingot  yield,  and  lower  produc¬ 
tion  costs  through  well  controlled  and  automated 
processes  will  come  about  and  replace  the  some¬ 
what  backward  ingot  pr  '-tice  and  foundry  tech¬ 
nology  existing  today. 

Another  product  of  the  freezing  process  was  a 
method  of  growing  I.rge  single  crystals  of  selen¬ 
ium,  an  elemental  semiconductor  which  fails  to 
grow  at  adequate  rates  under  conventional  labora¬ 
tory  conditions.  The  selenium  molecule  in  the 
liquid  has  polymer-like  properties,  and  whatever 
the  method  of  crystallization,  the  experimentalist 
must  deal  with  the  fact  that  the  molecules  in  the 
liquid  medium  ahead  of  the  crystal  may  lie  in  the 
form  of  chains  of  varying  length,  and  varying 
degrees  of  kinkiness  or  in  the  form  of  closed  rings 
of  eight  selenium  atoms.  In  order  to  grow  a  single 
crystal,  the  interface  must  be  able  to  select  the  ap¬ 
propriate  molecular  entity  length  from  this  me¬ 
lange.  At  room  temperature  the  selection  process 
is  sluggish,  and  the  crystal  grows  slowly.  To 
speed  up  the  growth  of  single  crystal  selenium  a 
different  approach  was  taken.  This  process  in¬ 
volved  the  use  of  pressure  and  higher  temperatures 
in  a  closed  system.  After  extended  experimenta¬ 
tion,  it  was  found  that  a  pressure  of  about  5,000 
atmospheres  was  needed.  At  this  pressure  and  a 
temperature  of  .y42°C.  the  researehers  were  suc¬ 
cessful  in  growing  a  single  crystal  of  selenium  of 
about  1  centimeter  and  10  centimeters  in  length. 
ITiese  crystals  are  of  ample  size  that  sriid  state 
scientist.-  (9)  now  have  a  material  with  which  they 
can  perform  reproducible  experiments  and  con¬ 
trolled  measurements  of  the  electronic  structure 
and  the  semiconducting  properties  of  selenium. 

A  program  under  t he  direction  of  F.  P.  Jona, 
International  Business  Machines,  had  as  its  objec¬ 
tive  improving  the  fundamental  understanding  of 
the  various  mechanisms  that  are  at  work  when  a 
crystal  grows  from  the  v«|»or  phase  by  way  of  one 
or  several  chemical  trunsjvoit  reactions.  This 
work  is  divided  into  equilibrium  studies,  vapor 
transport  studies,  and  surface  studies. 

The  specific  vapor-growth  systems  chosen  were 
ZnS-I,  Si-IK’I  and  Ge-I  or  Ge-Br  systems.  In 
addition,  considerable  effort  was  expended  to 
simpler,  solvent -free  vapor-growth  systems  such 
as  Ge-GaAs  and  Si-Si.  A  simple  met  lux)  was  devel¬ 
oped  for  the  determination  of  chemical  equilibria 


that  involves  weightless  measurements.  The  meth 
od  was  tested  successfully  on  the  Ge-I  system  and 
then  used  to  elucidate  the  Ge-Br  system  ( 10)  The 
equilibrium  behavior  of  the  Si-HCI  system  was 
elucidated  from  published  thermodynamic  data 
and  found  to  explain  satisfactorily  a  number  of  ex¬ 
perimental  facts  (II).  Also  studied  was  (he  equi¬ 
librium  in  the  Ge-Ga-I  system  which  is  used  for 
the  growth  of  heavily  doped  epitaxial  layers  (12) . 

Kinetic  measurements  of  the  transport  rate  were 
carried  out  in  the  system  ZnS-1  and  the  effects  of 
temperature,  pressure,  and  geometry  were  investi¬ 
gated.  Diffusion-controlled  vapor  transport  theory 
was  tested  successfully  and  the  onset  of  convective 
effects  demonstrated  (IS).  Vapor-transport  theory 
was  confirmed  also  by  the  experiments  with  the 
systems  Ge-Ga-I,  which  provided  useful  rules  for 
the  growth  of  heavily  doped  germanium  ( 1 4 ) .  Fur¬ 
ther  confirmation  of  vapor  transport  theory  wns 
provided  by  kinetic  measurements  in  the  Ge-I 
system,  whereas  some  surface  effects  were  detected 
in  the  Ge-Br  system  (IS). 

The  interaction  between  diffusion  limitations 
and  surface  effects  was  elucidated  theoretically, 
and  orientation-dependent  growth  rates  even  dem¬ 
onstrated  experimentally  (16).  However,  all  at¬ 
tempts  at  measuring  the  dependence  of  growth  rate 
upon  supersaturation  failed.  No  experimental 
technique  was  developed  that  would  allow  meas¬ 
urement  of  both  temperature  and  thickness  of  a 
substrate  growing  under  surface-limited  condi¬ 
tions.  Consequently,  quantitative  studies  of  the 
effects  of  poisoning  agents  upon  the  growth  rate 
could  not  be  carried  out.  Since  the  study  of  measur¬ 
ing  the  dependence  of  growth  rate  upov  superset - 
uration  failed,  their  direction  was  cha^g.-d  to  the 
nature  and  crystallographic  characteristics  of 
semiconductor  surfaces  and  to  the  measurement  of 
this  chemical  reactivity.  For  the  former  study,  a 
new  display-type  low-energy  electron  diffraction 
(LEEI))  equipment  was  used  to  develop  tech¬ 
niques  of  preparation  of  atomically  clean  surfaces 
(17).  The  crystallographic  characteristics  of  sev¬ 
eral  semiconductor  surfaces  were  elucidated  (IS) 
and  this  led  to  a  study  of  the  nature  of  surfaces  of 
semimetals. 

A  program  under  the  direction  of  A.  C.  Beer  at 
Battelle  Memorial  Institute  studying  high-mobil¬ 
ity  low-melting-point  group  III  V  compound 
semiconductors  hss  been  supported  since  1960. 
These  investigations  have  provided: 

Reasonably  conclusive  identification  of  the 
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residual  defr  .t  in  GaSb  as  a  type  of  antistruc¬ 
ture,  e.g.,  Ga  atoms  in  Sb  sites. 

Development  of  special  techniques  which  en¬ 
able  preparation  of  GaSb  crystals  having  an 
order  of  magnitude  lower  concentration  of  the 
residual  acceptors,  with  large  increases  in  the 
hole  mobility. 

Achievement  of  relatively  uncompensated 
n-type  crystals  of  GaSb  exhibiting  a  room- 
temperature  mobility  of  6,300  cm  ’/volt-sec.,  a 
value  substantially  larger  than  has  been  re¬ 
ported  elsewhere. 

Elucidation  of  scattering  mechanisms  in  the 
above  n-type  material,  which  illustrate  the  im¬ 
portance  of  effects  arising  from  the  subsidiary 
conduct  ion  band,  including  screening  of  Cou¬ 
lomb  interaction. 

Analysis  of  electronic  scattering  in  moder¬ 
ately  doped  InSb  which  revealed  the  influence 
of  electron-electron  interactions  and  the  non- 
parabilicity  of  the  conduction  band. 

The  success  achieved  in  growing  single  crystals 
of  GaSb  from  nonstoichiometric  melts  now  permits 
production  of  improved  GaSb  with  electrical  prop¬ 
erties  superior  to  these  previously  attainable. 

The  ability  of  improved  GaSb  should  also  in¬ 
crease  its  usefulness  in  device  applications.  For 
example,  interesting  studies  are  appearing  regard¬ 
ing  acousto-electric  properties  of  GaSb. 

H.  Steinfink  at  the  University  of  Texas  has  been 
studying  crystal  chemistry  ot  the  systems  rare 
earth — groups  V  and  VI  elements.  The  aim  of  this 
effort  is  directed  toward  the  correlation  between 
crystal-chemical  parameters  and  the  physical  be¬ 
havior  of  the  materials.  An  initial  step  to  study 
the  connections  existing  between  structure  and  elec¬ 
trical  conductivity  was  carried  out  with  the  inter¬ 
mediate  phases  of  LaTe  ~  (10)  and  NdTe  2  and  the 
solid-solution  series  existing  for  this  composition. 
It  was  shown  that  the  stoichiometric  1 : 2  composi¬ 
tion  has  the  highest  electrical  conductivity  and 
that  it  decreases  as  the  tellurium  concentration 
decreases.  A  detailed  X-ray  structure  study  was 
made  to  see  what  relation  exists  between  the 
changes  in  the  structure  as  the  tellurium  is  removal 
and  the  physical  behavior.  The  first  step  was  a 
precise  structure  determination  of  the  stoichio¬ 
metric  composition  and  involved  the  measurement 
of  three-dimension  X-ray  diffraction  data.  This  led 
to  the  ambiguous  assignment  of  the  rare  earth  ions 
and  of  the  metallic  ions  in  the  structure.  It  was 
shown  that  one  of  the  crystallographically  inde¬ 


pendent  tellurium  atoms  displayed  interatomic 
contacts  which  could  be  reconciled  with  an  es¬ 
sentially  metallic-type  atom  and  the  other  tel¬ 
lurium  position  were  filled  by  an  atom  with  ionic 
characteristics. 

The  analysis  of  three-dimensional  data  obtained 
from  a  crystal  with  composition  of  NdTe  ,  ,  (20) 
showed  that  the  tellurium  deficiency  was  created 
by  the  statistical  omission  of  the  metallic-type 
tellurium  atoms.  Thus,  the  removal  of  this  type  of 
atom  explains  the  observed  decrease  in  electrical 
conductivity  and  also  explains  the  observed  de¬ 
crease  in  the  “a”  and  increase  in  the  “c”  lattice 
constants. 

At  the  Virginia  Institute  for  Scientific  Research, 
J.  F.  Kirn  has  been  studying  methods  of  crystal 
growth  fo.  elements  on  which  little  work  has  been 
done.  Crystals  of  the  alkali  metals,  sodium,  potas¬ 
sium,  lithium,  and  rubidium  have  been  grown  by 
the  Czochralski  technique  both  under  high  vacuum 
and  in  purified  argon.  Rubidium  crystals  have  also 
been  pulled  under  a  blanket  of  oil  in  an  effort  to 
reduce  strain  on  the  crystal  seed  by  means  of 
buoyancy.  A  technique  for  growing  alkali  metals 
to  specific  orientations  has  been  developed. 

Cobalt  has  been  deposited  epitaxially  on  large 
surfaces  of  cobalt  substrate  by  the  reduction  of 
cobalt  sulfate  solution  with  hydrogen.  Previous 
problems  of  random  nucleation  have  been  overcome 
by  control  of  pH,  agitation,  and  the  addition  rate 
of  the  reducing  agent.  Areas  as  large  as  1  square 
centimeter  have  been  achieved  free  of  spurious 
growth.  Twinning  still  remains  to  be  a  problem, 
but  with  some  modifications  to  the  equipment  the 
twinning  may  be  overcome. 

E.  F.  Carr  at  the  University  of  Maine  is  study¬ 
ing  ordering  of  molecules  in  the  anistropic  phase 
of  liquid  crystals.  The  primary  objective  of  this 
investigation  is  to  obtain  a  better  understanding 
of  the  effect  due  to  external  electric  and/or  mag¬ 
netic  fields.  The  most  significant  contributions 
thus  far  have  been  determination  that  the  degree 
of  molecular  alinement  which  can  be  obtained  in 
the  anisotropic  liquid  phase  using  an  external 
electron  field  is  the  same  as  that  which  can  be  ob¬ 
tained  using  a  magnetic  field.  This  comparison 
was  made  with  fields  of  such  magnitudes  that  the 
molecular  alinement  was  saturated.  A  compari¬ 
son  of  the  electric  and  magnetic  fields  by  produc¬ 
ing  molecular  alinement  shows  the  presence  of 
another  alining  process  which  is  a  function  of  the 
electric  or  magnetic  field.  This  process  is  not  asso- 
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dated  with  the  anisotrophy  in  the  electric  con¬ 
stant  or  the  permeability.  Although  this  new  proc¬ 
ess  .annot  be  justified  theoretically,  the  experi¬ 
mental  results  show  that  it  can  be  described  by  an 
empirical  equation  involving  the  electric  and  mag¬ 
netic  fields.  Serious  consideration  will  be  given  to 
the  possibility  of  obtaining  molecular  alinement. 
in  the  solid  phase  by  cooling  from  the  anisotropic 
liquid  phase  in  the  presence  of  electric  and  mag¬ 
netic  fields. 

At  the  University  of  Idaho,  E.  F.  Sieckmann  has 
been  studying  color  centers  in  single  crystals  of 
alkaline  earth  oxides.  Single  crystals  of  the  alka¬ 
line  earth  oxides  are  difficult,  to  produce  syntheti¬ 
cally  because  of  their  high  melting  points  and  are 
not  found  in  nature  due  to  their  chemical  reactiv¬ 
ity  with  water.  Sieckmann  has  been  able  to  produce 
single  crystals  of  these  substances  and  has  meas¬ 
ured  the  refractive  indices  of  CaO  and  SrO  in  the 
visible  spectrum  at  six  different  wavelengths  (SI). 

Attempts  to  produce  color  center  in  these  crys¬ 
tals  at  room  temperature  by  means  of  X-rays  have 
not  been  successful,  but  he  will  attempt  to  radiate 
the  crystals  at  liquid  nitrogen,  temperature  in  hopes 
that  color  centers  can  be  formed  at  the  lower  tem¬ 
perature  Electrolytic  coloration  of  crystals  of 
CaO  has  been  successful,  and  an  optical  absorption 
band  thus  produced  centered  at  about  6,500A°  has 
been  observed. 

R.  Roy  at  the  Pennsylvania  State  University 
Materials  Research  Laboratory  has  investigated 
reaction  mechanisms  a,  d  kinetics  in  solid  phase 
reaction  from  1,500-3,000°  C.  The  most  novel 
single  contribution  has  been  the  unambiguous  ex¬ 
perimental  establishment  of  the  change  of  a  va¬ 
cancy  model  defect  solid  to  an  interstitial  model 
phase  shown  for  ZrO-  CaO.  Another  contribution 
was  that  the  occupancy  of  the  interstitial  sites  in 
CaF2-YF2  solution  has  been  confirmed  by  Four- 
cies’  map  techniques  and  final  least  squares  refine¬ 
ments  were  run  on  the  IBM  7074  computer.  Densi¬ 
ties  of  natural  and  synthetic  yttrofiuorites  have 
been  determined  by  means  of  a  gradient  tube  with 
Clerici’s  solution.  The  density  clearly  shows  that 
charge  neutrality  is  maintained  mainly  by  the  in 
t reduction  of  anion  vacancies. 

The  topotaetie  mechanism  in  the  precipitation 
reaction  of  Gn.O,  from  a  spinel  crystalline  solu¬ 
tion  has  been  verified  and  quantitatively  deter¬ 
mined.  It  has  been  shown  that  the  oxygen  content 
within  equivalent  transformation  volumes  in  the 


matrix  and  the  precipitate  is  constant,  supporting 
the  topotaetie  nature  of  the  exsolution.  This  is  fur¬ 
ther  substantiated  by  the  close  similarity  of  the 
oxygen  packing  in  the  MgAl-O,  and  -Ga2()3  struc¬ 
tures  (~J ) .  The  novel  approach  to  topotaxy  has 
been  the  study  of  the  reaction  of  single  crystals  of 
£-Ga2().,  (grown  to  1  cm  size)  with  MgO  in  varous 
selected  orientations  to  form  the  spinel  MGa-O,. 
This  is  also  an  example  of  the  preparation  of  single 
crystals  of  complex  oxides  by  subsolidus  solid 
state  reactions. 

AFOSR  programs  in  crystal  growth  have  pro¬ 
vided  the  scientific  community  with  new  knowl¬ 
edge  making  it  possible  for  researchers  to  grow 
single  crystals  of  known  composition  to  perform 
experiments. 
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Interactions  of  Ultrasonic 
Waves  in  Metals 

Max  Swerdi-ow 

In  the  past  decade  a  considerable  effort  has  been 
put  forth  in  the  held  of  solid-state  physics  to  in¬ 
vestigate  the  dynamic  properties  of  conduction 
electrons  in  metals  at  very  low  temperatures.  From 
the  point  of  view  of  fundamental  physics,  exper¬ 
imental  investigations  under  carefully  controlled 
environmental  conditions  are  essential  to  the  de¬ 
velopment  of  a  refined  understanding  of  the  de¬ 
tailed  interactions  of  these  electrons  with  the  host 
ionic  lattice  of  the  metal.  Apart  from  this  primary 
purpose  it  is  not  difficult  to  envision  the  impact 
which  such  thorough  investigation  might  have  on 
the  successful  prediction  of  macroscopic  transport 
properties  of  metals  of  alloys. 

A  somewhat  more  specific  objective  has  been  the 
study  of  superconductivity,  an  effect  known  ex¬ 
perimentally  for  over  50  years,  but  one  where  man's 
understanding  of  the  phenomenon  has  progressed 
rapidly  only  in  the  last  10  years.  Truly  systematic 
studies  of  superconducting  properties  have  been 
possible  only  since  the  development  of  the  first 
adequate  theory  of  superconductivity  by  Bardeen, 
Cooper,  and  Sehrieffer  (BCS)  in  1957  (/).  Since 
then,  theoretical  and  experimental  progress  has 
been  rapid,  and  as  superconductivity  has  become 
better  understood  there  have  been  advances  of  t 
applied  nature  as  well.  Chief  among  these  has  been 
the  development  of  extremely  high  critical  field  su¬ 
perconducting  alloys  (type  II)  from  which  ha\6 
been  fabricated  wires  used  in  the  construction  of 
high  field  (100  kilogauss)  solenoids  for  laboratory 
use  (2).  Other  potential  applications  include  such 
things  as  high-speed  switching  circuits  and  memo¬ 
ries  for  computers,  perfect  diamagnet  ic  shields,  d.c- 
transmission  of  '  cry  large  electronic  power,  a.c.- 
d.c.  power  converters  with  superconducting  recti¬ 
fiers,  very  sensititive  magnetometers,  and  friction- 
iess  bearings,  gyroscopes,  and  accelerometers. 

An  important  colorizing  role  has  been  played  by 
aFOSR  in  stimulating  the  rapid  growth  of  tech¬ 
niques  and  utilitization  of  ultrasonic  attenuation 
in  research  on  thebchav  ior  and  properties  of  solids. 
Shortly  after  the  first  observations  of  electronic  at¬ 
tenuation  of  ul'iwsoand  in  metals  by  Bommel  (S) 
and  by  Mtx.it  innon  (4),  R.  W.  Morse  initiated  a 


program  of  research  on  the  electronic  properties  of 
metals  using  ultrasonic  techniques  (J).  AFOSR 
sponsored  the  program  at  Brown  University.  Be¬ 
cause  of  the  pioneering  nature  of  this  research, 
Morse  and  his  collaborators  made  important  prac¬ 
tical  contributions  toward  the  development  of  ex¬ 
perimental  procedures  and  design  of  the  necessary 
electronic  equipment  needed  for  generating,  regi 
lating  ultrasonic  waves,  and  detecting  their  inter¬ 
actions  with  the  electronic  structure  of  metals. 
Apart  from  the  activity  in  the  physics  department 
AFOSR  also  sponsored  a  group  under  the  direction 
of  R.  Truell  in  the  Applied  Mathematics  Division 
at  Brown  University.  In  1956,  the  measurement  of 
fatigue  in  metallic  structures  was  begun  using  the 
methods  of  ultrasonic  attenuation.  In  the  accom¬ 
plishments  that  followed,  Truell  and  his  collabora¬ 
tors  developed  a  scheme  for  measuring  the  degree 
of  fatigue  and  predicting  the  fracture  and  probable 
failure  of  aircraft  structures. 

Before  summarizing  the  scientific  contributions 
of  Morse's  group  at  Brown  University,  as  well  as 
describing  the  continuing  research  in  this  fieb!  at 
Wayne  State  University  and  at  the  National  Mag¬ 
net  Laboratory  at  the  Massachusetts  Institute  of 
Technology,  both  sponsored  by  AFOSR,  a  brief 
resume  of  the  people  involved  will  perhaps  give 
some  indication  of  the  manner  in  which  sustained 
university  research  support  can  influence  the 
growth  of  one  particular  area  of  scientific  investi¬ 
gation.  The  first  Ph.  D.  from  Morse's  group  at 
Brown  University  was  H.  V.  Bohna,  who  subse¬ 
quently  formed  his  own  research  group  at  Wayne 
State  University,  also  with  AFOSR  sponsorship. 
There  followed  an  additional  six  Ph.  D.’s  from 
Brown  University  (J.  D.  Gavenda,  M.  T.  Walker, 
L.  T.  Claiborne,  J.  R.  Leibnwitz,  M.  S.  Said,  and 
R.  L.  Thomas)  and  all  but  one  has  continued  re¬ 
search  investigations  of  ultrasonic  attenuation  in 
metals  at  other  laboratories.  R.  L.  Thomas  is  cur¬ 
rently  associated  with  the  Wayne  State  group. 
There  were,  in  addition,  three  visiting  research 
associates  (T.  Olsen,  A.  Myers,  and  R.  Peverley) 
at  Brown  University  from  foreign  countries.  All 
of  these  scientists  are  currently  working  in  this 
area  of  research. 

The  early  work  of  the  Morse  group  stimulated 
much  activity;  many  other  ultrasonic  groups  were 
established  and  much  theoretical  and  experi¬ 
mental  work  was  started  in  this  country  and 
abroad  (<?)  Among  the  new  groups  supported  by 
AFOSR  was  one  at  the  Polytechnic  Institute  of 
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Brooklyn  under  the  direction  of  T.  Kjeldans,  Jr., 
who  in  concerned  with  the  theory  of  the  interac¬ 
tions  of  high-frequency  sound  waves  and  electrons. 
Another  group  in  this  country  is  at  the  National 
Magnet  Laboratory  at  MIT  working  under  the  di¬ 
rection  of  B.  Lax  are  Y.  Shapira  (who  received 
his  Ph.  D.  under  B.  Lax)  and  L.  J.  Xeuringer.  It 
is,  perhaps,  of  interest  that  the  XML  group  and 
the  Wayne  State  University  group  have  recently- 
been  collaborating  on  a  study  of  antiferromagnetic 
chromium  (?'). 

The  Wayne  State  group  has  produced  four 
Ph.  D.'s  (V.  J-  Easterling,  G.  Kamm,  and  X.  H- 
Horowitz).  Norman  Tepley  joined  this  group  in 
1963  after  receiving  his  Ph.  D.  from  MIT  and  is 
currently  coprincipal  investigator  with  H.  V. 
Bohm.  L.  Mackinnon  of  the  University  of  Essex, 
England,  joined  the  Wayne  State  group  under 
an  NSF  senior  foreign  scientist  fellowship  in 
1963-64. 

A  fundamental  aspect  in  the  study  of  electrons 
in  metals  is  the  role  of  the  periodic  atomic  lattice 
structure.  The  interaction  between  the  conduction 
electrons  and  the  spectrum  of  thermal,  elastic  vib¬ 
ration  of  this  ionic  lattice  (“phonon  spectrum”) 
are  the  keys  to  an  understanding  of  the  basic  prop¬ 
erties  and  behavior  of  metallic  conductors.  In  any 
attempt  to  study  these  interactions  through  macro¬ 
scopic  transport  phenomena  (e.g.  thermal  and  elec¬ 
trical  conductivity),  the  entire  vibrational  spec¬ 
trum,  as  well  as  the  entire  conduction  electron 
distribution  must  be  taken  into  account.  The  ex¬ 
perimental  technique  of  ultrahigh  frequency  sound 
propagation  (or  attenuation)  and  detection  pro¬ 
vides  the  physicist  with  a  nondestructive,  power¬ 
ful  probe  for  studying  electron  interactions  with 
monoenergetic  lattice  vibrations.  Under  certain 
conditions,  it  is  possible  to  insure  that  the  ultra¬ 
sonic  wave  interacts  with  a  spatially  selective 
group  of  conduction  electrons. 

The  selective  electron -phonon  interaction  can  be 
studied  as  a  function  of  several  experimental  pa¬ 
rameters  such  as  temperature,  external  magnetic 
field  strength,  lattice  impurity,  etc.  The  experi¬ 
ments  which  will  be  summarized  in  this  article 
utilized  frequencies  ranging  from  10  megacycles 
per  second  (Mc/s)  to  10  gigacycles  per  second 
(1  Gc/s=  10,000  mc/s).  In  all  eases  the  measured 
physical  quantity  was  the  ultrasonic  attenuation 
coefficient.  In  order  that  sound  scattering  be  con¬ 
fined  primarily  to  conduction  electrons,  most  ex¬ 
periments  were  performed  at  4.2°  K.  or  below  on 


samples  of  high  purity.  In  metals  at  very  low  tem¬ 
peratures,  the  attenuation  of  ultrasonic-frequency 
sound  waves  is  very  large.  The  interesting  feature, 
is  that  the  attenuation  is  caused  by  interaction  of 
the  sound  wave  and  the  conduction  electrons.  Be¬ 
cause  of  this,  the  attenuation  has  a  strong  depend¬ 
ence  on  the  magnitude  of  an  applied  external 
magnetic  field.  Variations  of  the  attenuation  as  a 
function  of  applied  magnetic  field  and/or  tempera¬ 
ture,  can  t>e  interpreted  to  give  information  about 
the  Fermi  surface  of  a  metal  and/or  about  the 
superconducting  properties  of  a  metal  or  alloy. 

The  dynamics  of  the  conduction  electron  system 
are  generally  visualized  in  terms  of  an  abstract 
constant-energy  surface  in  momentum  space  called 
the  Fermi  surface.  This  concept  derives  from  the 
fact  that  electrons  obey  Fermi-Dirac  statistics, 
which  require  that  the  allowed  energy  correspond¬ 
ing  to  a  given  momentum  vector  gives  rise  to  only 
two  quantum  states.  If  one  fills  the  allowed  (quan¬ 
tized)  energy  states  in  order  of  increasing  energy 
unt  il  all  of  the  electrons  per  unit  volume  occupy  an 
energy  state,  to  a  first  approximation,  all  the  states 
up  to  the  Fermi  energy  6Hed,  all  those  above 
the  Fermi  level  are  empty  ,  .  -*rons.  Thermal 
excitations  smear  this  clean  distribution  of  elec¬ 
trons  demarked  by  the  Fermi  surface.  In  fact,  those 
electrons  which  are  within  thB  thermal  energy- 
range  of  the  Fermi  surface  are  the  only  ones  which 
take  part  in  transport  processes,  other  transitions 
within  the  filled  “sphere”  being  forbidden  by  the 
Pauli  exclusion  principle.  In  many  real  metals  the 
effect  of  the  periodic  atomic  lattice  structure  is  to 
replace  the  simple  Fermi  sphere  approximation  by 
multiply  connected  surfaces;  for  metals  with  more 
than  one  valence  electron  per  atom,  there  exist 
several  separate  pieces  of  Fermi  surface. 

When  Bragg  reflection  of  X-rays  by  electrons 
takes  place  in  a  periodic  lattice  structure,  it  is 
visualized  in  momentum  space  by  means  of  Bril- 
louin  zone  boundaries.  The  Brillouin  zone  is  an 
abstract  concept  pictured  in  the  same  momentum 
space  as  the  Fermi  surface.  It  is  represented  by  a 
polyhedron  which  can  often  be  constructed  in 
“k-space"  from  considerations  of  the  wave  vectors 
of  the  various  electronic  states  characteristic  of  the 
energy  band  theory  of  solids,  the  crystal  lattice  and 
its  symmetry.  In  the  study  of  complex  metals  and 
alloys,  where  there  may  be  several  overlapping 
energy  bands,  the  geometry  of  the  zones  plays  an 
important  role.  If  one  considers  the  set  of  planes 
in  momentum  space  corresponding  to  the  lowest 
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order  Bragg  reflections,  there  results  a  closed 
polyhedron  characteristic  of  the  particular  crystal 
structure  of  the  metal.  Wherever  the  Fermi  sphere 
interacts  with  the  first  Brillouin  zone,  some  bound¬ 
ary  portions  of  the  Fermi  surface  lie  in  higher 
order  zones  ami  often  one  attempts  to  map  the 
extra  segments  into  the  first  zone  in  the  so-called 
reduced  zone  scheme.  Without  going  into  the  intri¬ 
cate  details  of  fermiolngy  here,  it  may  be  noted 
that  even  though  such  a  model  is  helpful,  and  much 
progress  has  been  made  in  recent  years  with  ma¬ 
chine  theoretical  calculation  of  the  topology  of 
such  surfaces,  the  true  structure  of  the  Fermi  sur¬ 
face  must  still  be  determined  experimentally.  The 
ultrasonic  technique  is  a  powerful,  but  not  the 
only  means  of  measuring  the  Fermi  surface.  Other 
experimental  techniques  which  yield  both  over¬ 
lapping  and  complementary  information  include 
the  de  Haas- van  Alphen  effect  (extremal  cross  sec¬ 
tional  areas),  cyclotron  resonance  (surface  curva¬ 
ture  and  effective  mass),  magnet oresistance  (areas 
of  contact  with  Brillouin  zone  boundaries) ,  anom¬ 
alous  skin  effect  (surface  curvature  and  area), 
positron  annihilation  (number  of  electron  in  a 
given  cross  section),  and  Gantmakher  effect  (ex¬ 
tremal  linear  dimensions)  (5). 

Historically,  the  first  metals  which  were  studied 
by  ultrasonic  techniques  were  superconductors. 
After  Bommel’s  (,J)  work  first  demonstrated  a 
sharp  decrease  in  the  attenuation  coefficient  at  the 
superconducting '  transition  temperature,  Tc,  in 
lead,  Morse  and  Bohm  (&)  showed  that  the  fall- 
off  in  attenuation  below  the  transition  in  tin  and 
indium  was  in  agreement  with  the  behavior  pre¬ 
dicted  by  the  BCS  theory  of  superconductivity 
( 1 ) .  According  to  the  BCS  theory,  it  is  energeti¬ 
cally  favorable  for  electrons  to  exist  in  bound  pairs 
below  Tc.  The  bound  electron  pairs  (in  Cooper 
|  pairs,  the  constituent  electrons  have  opposite  mo¬ 
menta  and  spin  and  hence  are  paired  in  momentum 
space  rather  than  in  coordinate  space)  do  not  take 
part  in  sound  scattering,  leaving  wily  the  unpaired 
i  ( ‘‘norma1")  electrons  to  interact  with  the  sound 
waves  (phonons).  For  weak  interaction  between 
|  electrons  and  phonons,  the  limiting  energy  gap  is 
i  given  as  3.5  KTV  (where  K  is  Boltzmann’s  con- 

|  stant  and  T,  the  critical  temperature)  by  the  BCS 

theory  for  superconductors.  The  first  experimen¬ 
tal  evidence  obtained  by  Morse  and  Bohm  (,9)  was 
in  good  agreement  with  the  energy  gap,  predicted 
by  BCS  theory  ,nd  thus  confirmed  a  fundamental 


physical  parameter  in  the  theory’  of  super¬ 
conductors. 

The  ultrasonic  attenuation  in  a  pure  metal  at 
liquid  helium  temperature  has  l>een  shown  to  vary 
periodically  as  the  reciprocal  of  an  applied  mag¬ 
netic  field.  There  are  three  distinct  types  of  such 
oscillations  which  may  be  related  to  separate,  yet 
complementary  features  of  the  Fermi  surface. 
These  oscillations,  referred  to  as  geometric  reso¬ 
nances,  quantum  oscillations,  and  ultrasonic  cyclo¬ 
tron  resonances,  yield  linear  dimensions,  cross  sec¬ 
tional  areas,  and  curvatures  of  the  Fermi  surface 
respectively.  In  addition,  a  fourth,  nonperiodic 
magnetoacoustic  effect,  the  so-called  Kjeldaas  ef¬ 
fect  (10. 11 ) ,  yields  values  for  the  extremal  Fermi 
velocity  in  the  direction  of  the  magnetic  field. 
AFOSR  currently  sponsors  a  theoretical  study  of 
the  interaction  of  high-frequency  sound  waves  and 
electrons  at  the  Polytechnic  Institute  of  Brooklyn 
under  the  direction  of  Terje  Kjeldaas,  Jr.  In  the 
summers  of  1960  and  1961,  Kjeldaas  worked  with 
H.  E.  Bommel  at  the  Bell  Telephone  Laboratories. 
Prior  to  that  time,  while  at  the  Westinghouse  Re¬ 
search  Laboratories,  he  collaborated  with  T.  Hol¬ 
stein,  and  F.  Keffer,  at  the  University  of  Pitts¬ 
burgh  where  he  earned  his  Ph.  D.  It  was  out  of  this 
joint  interest  in  the  theory  of  solids  supported  by 
AFOSR  at  the  University  of  Pittsburgh  that  his 
theoiy  of  ultrasonic  cyclotron  resonance  in  metals 
( 10)  and  the  theory  of  the  oscillatory  magneto¬ 
acoustic  effect  in  metals  (11),  that  the  Kjeldaas 
effect  was  predicted. 

Geometric  resonances  occur  when  a  magnetic 
field  is  applied  in  a  direction  perpendicular  to  the 
direction  of  ultrasonic  propagation.  Since  the  ve¬ 
locity  of  an  electron  at  the  Fermi  surface  is  roughly 
500 1  imes  that  of  the  sound  wave,  the  electron  in  its 
helical  path  about  the  magnetic  field  "sees”  a  spa¬ 
tially  periodic  electric  field  due  to  the  lattice  wave 
which  is  effectively  stationary  for  many  orbits  of 
the  electron.  Extrema  in  the  ultrasonic  attenuation 
occur  when  the  electron  orbit  dimeter  just  matches 
an  integral  number  of  acoustic  half  wavelengths. 
Thus,  geometric  resonances  provide  a  caliper  of  the 
linear  dimensions  of  the  Fermi  surface.  Applying 
this  technique,  Easterling  and  Bohm  (12)  experi¬ 
mentally  confirmed  and  refined  the  model  of  the 
Fermi  surface  of  silver  which  had  been  suggested 
by  Pippard  (13)  on  the  basis  of  anomalous  skin 
effect  measurements.  Fermi  surface  investigations 
by  acoustic  geometric  resonance  have  been  reported 
for  a  large  number  of  metals. 


The  phenomenon  of  quantum  oscillations  is 
somev,  hat  a  more  difficult  concept  to  visualize  than 
geometric  resonance.  Because  a  rather  high  mag¬ 
netic  Held  is  needed  generally,  this  effect  has  been 
studied  for  only  a  limited  number  of  metals  by 
Shapira,  Las,  and  Keuringer  at  the  National 
Magnet  Laboratory  (14,  15).  Acoustic  quantum 
oscillations  have  much  in  common  with  the 
de  Haas- van  Alphen  effect  and  as  such  provide 
measurements  of  extremal  cross  sectional  areas  of 
the  Fermi  surface.  When  the  rules  of  quantum 
mechanics  are  applied  to  electron  orbits  on  the 
Fermi  surface  in  the  presence  of  a  magnetic  field, 
erne  consequence  is  that  the  position  of  the  Fermi 
surface  coincides  with  an  allowed  (quantised) 
energy  level  only  for  a  discrete  set  of  magnetic 
Held  values.  As  the  magnetic  Held  is  increased, 
successive  energy  levels  pass  through  the  Fermi 
surface.  In  the  presence  of  a  sound  wave,  the 
laws  of  conservation  of  momentum  and  energy 
yield  the  values  of  magnetic  field  for  which  the 
electron-acoustic  phonon  scattering  process  can 
take  place;  i.e.  where  the  ultrasonic  attenuation 
is  maximized.  Thermal  broadening  of  the  energy 
levels  leads  to  symmetrical  oscillations,  but  the  de¬ 
tailed  theory  indicates  (hat  under  certain  circum¬ 
stances  the  oecillations  become  very  large  and 
spike-like.  These  are  called  giant  quantum  oscil¬ 
lations.  The  importance  of  this  effect  lies  in  the 
fact,  that  it  provides  information  about  the  non¬ 
extremal  as  well  as  the  extremal  Fermi  surface 
cross  sectional  areas,  and  also  about  the  carrier 
cyclotron  mass,  M,.,  and  magnetic  g-factor. 

For  an  ultrahigh  purity  metal,  microwave  ultra¬ 
sonic  frequencies  can  satisfy  the  very  stringent 
requirement  for  acoustic  cyclotron  resonance  ab¬ 
sorption.  When  this  condition  is  satisfied,  the 
sound  wave  can  be  made  to  stay  in  resonance  with 
the  electron  for  its  entire  helical  trajectory  bet  ween 
collisions.  The  relevant  physical  parameter  ob¬ 
tained  from  acoustic  cyclotron  resonance  is  m<. 
the  extremal  value  of  the  cyclotron  mass.  So  far, 
only  gallium  crystals  have  been  grown  of  sufficient 
purity  for  acoustic  cyclotron  re  nuance  observa¬ 
tions.  In  pure  gallium,  usually  all  three  of  the 
oscillatory  magnetoacoustic  effects  are  observed  in 
a  single  experiment.  Much  of  the  current  experi¬ 
mental  work  of  isolating  these  effects  and  relating 
them  to  the  gallium  Fermi  surface  is  being  carried 
out  by  N.  Tepley  of  the  Way  re  State  group.  Giant 
quantum  oscillations  in  gallium  have  been  reported 


by  the  National  Magnet  Laboratory  group  uti¬ 
lizing  high  magnetic  fields.  Because  of  the  rela¬ 
tively  low  driving  frequencies  employed;  these 
oscillations' were  of  the  type  which  correspond  to 
extremal  orbits.  At  9  Gc/sec  it  should  be  possible 
to  induce  transitions  which  give  information  about 
nonextremal  orbits.  Through  the  use  of  ultrasonic 
waves  of  frequencies  from  10  Mc/s  to  10  Gc/s  (a 
range  believed  wider  and  higher  than  that  avail¬ 
able  at  present  in  any  other  laboratory)  the 
Wayne  State  University  group  hope  to  obeerve 
interactions  of  the  electrons  in  nonextremal  orbits. 
In  addition  to  earlier  work  on  zinc  by  Bohm  end 
Mackinnon  and  the  gallium  work  by  Tepley,  quan¬ 
tum  oscillations  have  been  seen  and  are  currently 
being  investigated  in  chromium  and  mercury  by 
the  Wayne  State  group.  Wallace,  Tepley,  Bohm  in 
collaboration  with  Shapira  at  the  National  Mag¬ 
net  Laboratory  have  reported  preliminary  results 
on  chromium  obtained  with  a  HO-kilogauss  sole¬ 
noid.  Chromium,  an  antiferronuoynet,  was  studied 
ultrasonically  after  being  cooled  from  its  Neel 
temperature  ( 312°  K.)  both  in  the  presence  of  a 
large  60-80-kg  magnetic  field  and  with  zero  ex¬ 
ternal  magnetic  Held.  Although  chromium  has 
cubic  crystal  symmetry,  after  being  “field-cooled,” 
the  periods  of  quantum  oscillation  were  found  to 
exhibit  tetragonal  symmetry  of  the  crystal  lattice, 
a  fact  which  can  be  used  to  gain  further  informa¬ 
tion  about  the  spin  density  wave  character  of  the 
electronic  ground  state  of  this  metal.  Such  studies 
promise  to  shed  light  on  the  physical  origins  of 
antiferrimagnetism  in  metals — a  present-day  mys¬ 
tery  in  solid-stcie  physics. 

A  recent  set  of  experiments  by  Shapira  and 
Neuringer  on  the  effects  of  high-magnetic  fields  on 
the  ultrasonic  velocity  and  attenuations  in  nio¬ 
bium-zirconium  alloys,  demonstrate  that  the  ultra¬ 
sonic  technique  also  gives  information  about  very 
impure  metals  and  indeed  alloys  and  sheds  much 
light  upon  the  behavior  of  high-field  supercon¬ 
ductors.  These  experiments  may  very  well  lead  to 
a  coherent  theory  of  impure  metals  or  alloys  at  low 
and  high  temperatures  as  well  as  molten  metals. 

Only  several  highlights  have  been  cited  of  the 
great  progress  that  has  been  made  in  the  last 
decade,  toward  a  better  understanding  of  the  fun¬ 
damental  properties  of  metals.  Ultrasonics  is  by 
no  means  the  only  technique  that  has  been  used  to 
obtain  present  knowledge,  but  it  is  a  powerful 
probe  and  versatile  tool  for  experimental  research. 
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It  is  noteworthy  that  a  large  fraction  of  the  ultra¬ 
sonic  research  in  metals  during  this  decade  has 
been  accomplished  under  the  sponsorship  of  the 
AFOSR.  The  applied  uses  of  the  fundamental 
knowledge  obtained  are  rarely,  if  ever,  clearly 
traceable;  but  it  is  clear  that  there  exi^s  a  strong 
coupling  between  the  enormous  variety  of  new 
metallic  alloys  synthesized  in  the  last  decade  for 
a  host  .if  different-  applications  and  the  increas¬ 
ingly  detailed  understanding  of  the  transport 
properties  of  some  of  the  constituent  metals  com¬ 
prising  these  alloys.  The  phenomena  of  supercon¬ 
ductivity  in  alloys  has  already  been  harnessed  for 
the  generation  of  very-high  magnetic  fields;  other 
possible  uses  in  the  area  of  communications,  com¬ 
puter  technology,  and  aerospace  applications  are 
presently  beginning  to  be  exploited.  Perhaps  more 
easily  discemable  are  the  aerospace  adaptations  of 
various  cryogenic  techniques  first  developed  in  the 
research  laboratory,  some  in  connection  with  the 
work  described  above. 
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The  National  Magnet 
Laboratory 

Max  Swekdlow 

in  '960,  a  need  existed  in  physics  to  fully  and 
promptly  exploit  the  significant  scientific  and 
important  technological  potentials  of  the  special 
projierties  and  the  unique  behavior  of  materials  in 
very  high  magnetic  fields.  Recognizing  that  tomor¬ 
row's  Air  Force  operational  and  technological  ca¬ 
pabilities  depend  directly  upon  the  new  knowledge 
and  concepts  gained  from  today's  research, 
AFOSR  awarded  a  contract  to  the  Massachusetts 
Institute  of  Tecluiology  in  Cambridge,  Mass.,  to 
construct  a  high  magnetic  field  facility  and  to 
establish  a  basic  research  laboratory  on  a  scale 
much  larger  than  any  in  existence. 

On  1  July  I960  Francis  Bitter  and  Benjamin 
Lax,  who  conceived  the  original  idea,  undertook 
the  unprecedented  task  of  designing  and  construct¬ 
ing  a  lO-msgswatt  facility  capable  of  generating 
magnetic  fields  of  a  quarter-million  gauss,  and 
conduct ;.'  C  f’e versified  research  program  to  in¬ 
vestigate  i'lV  properties  of  matter  in  very  intense 
magnetic  fields.  On  30  April  1963,  the  research  fa¬ 
cility  was  formally  dedicated  by  the  former  As¬ 
sistant  Secretary  of  the  Air  Force  for  Research, 
Development,  and  Engineering,  Dr.  Brock  way 
McMillan.  It  was  officially  designated  as  the  Na¬ 
tion  Magnet  Laboratory,  to  serve  as  a  national 
center  for  the  scientific  research  community  and 
the  permanent  staff  at  the  Laboratory.  At  present, 
the  NML  is  the  only  research  facility  of  its  kind  in 
the  world.  It  is  a  vital  national  and  world  center 
for  research  in  the  generation  and  utilization  of 
intense  continuous  magnetic  fields  in  excess  of  a 
quarter  of  a  million  gauss. 

An  intense  magnetic  field  is  a  most  powerful  tool 
for  research  because  it  can  nondestruci  ively  pene¬ 
trate  and  interact  with  the  electrons  and  magnetic 
nuclei  that  are  key  contituents  of  matter.  The  need 
for  more  intense  magnetic  fields  to  serve  as  ex¬ 
tremes  in  environments  for  research  is  shared  by 
almost  all  the  major  divisions  of  physics :  solid- 
state  physics,  high-energy  physics,  plasma  physics, 
geophysics,  and  even  biophysics.  In  many  ways  the 
need  for  more  higher  magnetic  fields  is  akin  to  the 
need  for  higher  resolving  power  in  microscopes 
and  telescopes.  In  its  ability  to  advance  any  one  of 
several  fields  of  physics,  as  well  as  other  areas  of 
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science  ar.  .1  technology  and  in  terms  of  operation, 
magnitude,  inherent  capability,  flexibility,  and  as 
a  research  par.  meter;  the  National  Magnet  Lab 
oratory  may  be  compared  to  modern  high-energy 
accelerator,  reactot,  or  large  computer  installa¬ 
tions.  If  emulation  is  any  mark  of  success,  it  can 
be  pointed  out  that  several  other  countries  are 
following  our  lead  in  wtabi'shing  their  own  high- 
magnetic  field  research  facilities.  The  Soviet  Union 
is  building  a  16-megawatt  laboratory,  Great  Brit¬ 
ain  is  planning  a  16-megawatt  power  supply,  and 
France  is  planning  a  14-megawatt  facility  (there 
is  already  s  3.4-megawatt  laboratory  at  Grenoble. 
Th“"»  is  talk  of  a  high-magnetic  field  facility  h. 
Canada  and  West  Germany. 

Thm  MMt  Fot/Hfy 

The  facility  is  housed  in  a  converted  bakery 
building  at  170  Albany  Street  in  Cambridge,  Mass., 
adjoining  the  octopus  at  MIT  and  adjacent  to  the 
MIT  nuclear  reactor.  It  was  built  on  the  early  ex¬ 
perience  gained  in  the  2-megawatt  magnet  labora¬ 
tory  built  by  Bitter  at  MIT  in  11)36.  The  power  for 
the  XM L  magnets  is  a  10-megawatt  continuous  d.c. 
supply  with  various  overload  capacities  up  to  32 
megawatts  for  2-second  pulses.  The  power  supply 
was  planned  on  a  block  concept  so  that  it  could  be 
conveniently  divided  and  controlled  to  supply  four 
simultaneous  experiments  at  the  100-kilogauss 
level,  two  simultaneous  experiments  at  the  150- 
175  kg  region,  or  with  all  four  blocks  coupled  in 
parallel  to  supply  the  very  highest  field  magnets. 
Power  from  each  of  the  four  independent  genera¬ 
tors  is  deliverable  to  10  experimental  stations. 
Eight  of  these  can  accommodate  two  magnets  and 
two  larger  stations  can  accommodate  up  to  four 
experiments  simultaneously.  All  routing  of  power 
and  water  to  various  experimental  stations  is  con¬ 
trolled  from  a  central  location  to  allow  rapid  and 
effective  time  sharing  of  the  power  generators  by 
the  various  operating  magnets.  Cooling  water  for 
thn  magnets  is  supplied  from  a  closed  system  of 
clean,  de-ionized  water  which  is  heat  exchanged 
with  water  taken  from  the  nearby  Charles  River 
via  a  4-foot  diameter  conduit.  The  cooling  system 
is  capable  of  delivering  water  at  the  rate  of  4,000 
gallons  per  minute  at  a  pressure  of  200  pounds  per 
square  inch.  The  power  supply  consists  of  two 
motor  generator  sets  each  consisting  of  a  pair  of 
generators,  synchronous  motor,  and  flywheel ;  a.c. 


power  up  to  16,000  kva  is  purchased  from  the  Cam¬ 
bridge  Electric  Light  Co.  The  pulse  power  of  32 
megawatts  for  as  long  as  2  seconds  is  supplied  by 
the  rotational  energy  in  the  pair  of  84-ton 
flywheels. 

Wotw-Cedttf 

The  16  high-power  water-cooled  magnets  now  in 
use  in  the  XML  facility  represent  a  wide  range  of 
field  characteristics,  working  volumes,  and  orien¬ 
tations.  Because  of  the  wide  variety  of  experiments 
and  the  ever-changing  role  that  the  magnets  are 
called  upon  to  play,  the  magnets  require  both  flex¬ 
ible  design  and  mode  of  installation  to  serve  differ¬ 
ent  experiments.  Magnets  in  U9e  fall  into  t  wo  broad 
categories,  straight  bore  solenoids,  varying  in  di¬ 
mensions  and  field  strengths,  and  solenoids  with 
access  not  only  along  the  field  direction  but  at  right 
angles  to  the  field  direction.  The  bore  sizes  range 
from  0.01 -inch  diameter  for  the  255  kilogause  mag¬ 
nitude  requiring  10  inegawv.tts  of  d.c.  power  to  the 
14-inch  bore  diameter  for  »he  50-kg  magnet  re¬ 
quiring  only  2.5  megawatts  of  electric  power.  The 
quarter-million  gauss  magnet  is  particularly 
worthy  of  note  here;  not  only  because  it  achieved 
the  world’s  highest  continuous  magnetic  field,  but 
because  it  illustrates  several  important  points  about 
a  high  field  facility.  The  magnet  is  designed  as  a 
composite  of  three  nested  coils  mainly  to  allow  the 
current  density  and  the  resultant  stresses  to  be 
controlled.  With  a  214-inch  bore  it  can  develop 
fields  of  205  kg  using  10  megawatts  of  power.  By 
inserting  conical  iron  pole  pieces  fields  of  255  kg 
are  generated  in  a  cylindrical  space  of  0,01  inches 
in  diameter  and  0.010  inches  high.  When  in  opera¬ 
tion  the  magnet  monopolizes  the  entire  power  sup¬ 
ply  and  water-cooling  system  of  the  facility.  No 
other  magnet  may  be  used  simultaneously.  There¬ 
fore  it  is  necessary  that  only  the  most  important 
experiments  be  done  with  this  magnet  and  that 
preliminary  experiments  be  done  in  lower  field 
magnets  first.  The  250-kg  magnet  has  become  a 
useful  df  vice  for  pointing  the  way  to  even  higher 
field  magnets  of  the  future. 

SvpertoodwcHng  Magnets 

The  250-kg  water-cooled  magnet  has  already 
made  unique  contributions  in  permitting,  for  the 
first  time,  actual  measurements  on  very  high  field 
superconductors.  The  upper  critical  field  of  nio- 
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bium-tin,  niobium-zirconium,  and  niobium-tita¬ 
nium  have  been  a  matter  of  theoretical  speculation 
before  magnetic  fields  above  200  kg  were  available. 
These  measurements  indicate  that  a  superconduct¬ 
ing  magnet  of  175  kg  is  technically  feasible,  but 
still  nther  expensive  in  cost  of  materials  ($100,000 
for  a  1-inch  solenoid). 

These  high  field  studies  have  played  an  impor¬ 
tant  part  in  understanding  how  superconducting 
wire  behaves  at  very  low  temperatures  and  at  high 
critical  fields  and  current  densities.  The  NML  is 
building  a  1-inch  bore  100-kg  superconducting 
magnet  utilizing  several  unique  and  promising  in¬ 
novations.  Combination  water-cooled  and  super¬ 
conducting  magnets  for  special  uses  are  being  de¬ 
signed.  Contemplated  is  a  large  external  copper 
magnet  surrounding  a  smaller  superconducting 
magnet  to  form  a  composite  magnet  of  high  field 
capability  (180  kg)  but  of  lower  cost  than  all  su¬ 
perconducting  magnets  of  l-inch  bore. 

fuhm  Magnate 

Pulsed  magnetic  fields  up  to  750  kilogauss  are 
available  using  the  NML  100-kilojoule  capacitor 
bank  and  a  variety  of  pulsed  coils.  Recently,  fields 
up  to  500  kilogauss  for  milliseconds  have  been  pro¬ 
duced  in  a  new  type  of  beryllium-copper  solenoid 
with  a  %-inch  diameter  working  volume.  A  new 
system  for  providing  repetitive  (synchronous) 
field  pulses  of  this  magnitude  in  larger  volumes 
will  greatly  facilitate  the  acquisition  of  data  in 
types  of  experiments  that  require  longer  pulse 
times  coupled  with  higher  repetition  rates.  The 
magnets  will  be  driver,  with  a  half  cycle  of  60  cycle 
a.c.  power  and  pulse  once  every  second.  This  half 
cycle  alternating  current  can  be  supplied  by  allow¬ 
ing  the  flywheels  to  drive  the  synchronous  motors 
as  synchronous  generators.  The  magnet  itself  will 
be  constructed  as  a  flux  concentrator  which  is  a 
specialized  single  turn  transformer  type  of  wind¬ 
ing  developed  at  the  NML.  It  will  represent  a  ver¬ 
satile  test  facility  and  experimental  aid  for  inves¬ 
tigating  higher  field  d.c.  magnets  in  the  future. 

Significance  of  Research  Aecafftpffthmenft 

The  generation  of  high-magnetic  fields  is  an  in¬ 
triguing  research  and  development  area  of  science 
in  its  own  right.  However,  the  motivation  for 
achieving  higher  fields  is  mainly  to  provide  a 
means  for  investigating  physical  phenomena  in 


matter.  Consequently,  the  availability  of  nonde¬ 
structive  high  continuous  magnetic  fields  of  the 
order  of  several  hundred  thousand  gauss  and 
pulsed  fields  of  one-half  million  gatta  or  more  in 
workable  volumes  have  been  achieves.  Such  fields 
have  made  it  possible  to  perform  a  large  variety  of 
new  experiments  in  solid-state  physics,  low-tem¬ 
perature  physics,  plasma  physics,  quantum  elec¬ 
tronics,  and  applications  including  electron  beam 
devices.  The  most  extensive  and  mo6t  active  re¬ 
search  area  in  the  utilization  of  high-magnetic 
fields  has  been  solid-state  physics.  The  total  num¬ 
ber  of  solid-state  research  investigations  conducted 
at  the  NML  since  it  began  full-time  operation  is  too 
large  to  describe  in  detail  in  this  report.  The  fol¬ 
lowing,  therefore,  is  only  a  selected  but  representa¬ 
tive  sample  of  some  of  the  more  recent  and  current 
work. 

The  areas  of  solid-state  physics  that  have  been 
investigated  at  the  NML  include  transport  phe¬ 
nomena,  snch  as  the  galvanamagnetic  and  ther- 
momagnetic  effects,  susceptibility  of  metals  and 
semiconductors  which  exhibit  oscillatory  phe¬ 
nomena,  such  as  the  de  Haas-van  Alphen  effect. 
These  oscillatory  transport  techniques  have  now 
been  extended  to  include  ultrasonic  propagation, 
the  use  of  magnetoplasma  waves  in  the  limit,  and 
the  optical  de  Haas-Shubnikov  effect  at  the  mag¬ 
netoplasma  edge.  The  ultrasonic  techniques  as 
well  as  d.c.  conductivity  and  susceptibility  meas¬ 
urements  have  been  the  principal  techniques  for 
studying  the  behavior  of  high  field,  type  II  super¬ 
conductors.  These  experiments  were  aimed  at 
characterizing  the  critical  high-field  parameters 
as  well  as  exploring  the  physical  phenomena  which 
limit  the  high-field  properties  in  the  region  of 
■200,000  gauss  or  more.  One  of  the  most  extensively 
explored  areas  has  been  that  of  the  more  recently 
discovered  magnetooptical  phenomena  in  semi¬ 
conductors  and  semimetals.  With  the  availability 
of  good  single  crystals  for  research,  low  tempera¬ 
tures  and  high-magnetic  fields,  the  quantum  phe¬ 
nomena  of  Bloch  electrons  in  a  crystal  have  shed 
considerable  light  on  the  behavior  of  current  car¬ 
riers  in  these  solids.  The  phenomena  can  be  char¬ 
acterized  as  inimband  in  which  cyclotron  reso¬ 
nance  and  propagation  of  magnetoplasma  waves 
are  two  of  the  more  striking  aspects.  The  phe¬ 
nomena  may  also  be  characterized  as  mt«rband  in 
which  magnetoabsorption  and  mignetoreflection 
in  the  presence  of  quantized  levels  have  provided 
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quantitative  information  on  energy  band  param¬ 
eters,  Fermi  surface,  and  exciton  levels  in  solids. 
Mont  recently  the  combined  use  of  high- magnetic 
Helds  and  lasers  in  the  far  and  near  infrared  are 
extending  these  investigations  into  the  submilli- 
meter  region  of  the  electromagnetic  spectrum. 
Th«»  studies  have  suggested  a  new  area  of  re¬ 
search  which  is  called  nonlinear  magnetooptics. 

rhe  other  areas  of  high-magnetic  field  research 
which  are  of  increasing  importance  for  the  future 
are  those  involving  ultra  low  temperat  ure  in  which 
adiabatic  demagnetization  techniques  can  take  full 
advantage  of  intense  magnetic  fields.  With  su¬ 
perconducting  magnets  and  water-cooled  mag¬ 
nets  prov  iding  fields  in  excess  of  1(X),000  gauss. 
Moasbauer  measurements  to  study  nuclear  Zeeman 
effect  and  as  a  delicate  probe  for  the  study  of 
hyperfme  interactions  in  solids ;  quantitive  investi¬ 
gations  of  the  fundamental  mechanism  involved 
in  magnetism  may  be  undertaken. 

Plasma  physics,  both  in  solids  and  in  ionized 
gases,  may  be  studied  with  the  aid  of  high  mag¬ 
netic  field.  Investigations  of  helicon  and  Alfv4n 
waves  in  multicarrier  systems  can  be  undertaken. 
Interactions  of  electrons  and  ions  in  both  states  of 
matter  in  which  the  coupling  of  electromagnetic 
waves  and  phonons  can  be  explored.  High  inten¬ 
sity,  coherent,  narrow  beam  sources  from  lasers 
combined  with  intense  magnetic  fields  makes  pos¬ 
sible  a  new  region  for  high-resolution  spectroscopy 
of  solids.  The  behavior  of  lasers  and  masers  in 
high-magnetic  fields  can  utilize,  advantageously, 
fields  in  excess  of  100  kilogauss.  This  is  not  re¬ 
stricted  to  solidstate  lasers  or  gasec-us  lasers  but  is 
readily  extended  to  electron  beam  devices  as  well. 

The  national  character  of  the  NML  is  well  il¬ 
lustrated  by  the  fact  that  more  than  100  visiting 
scientists  and  a  similar  number  of  students  have 
conducted  parts  of  their  research  programs  at  the 
facilities  of  the  NML.  Many  of  them  from  univer¬ 
sities,  governmental  laboratories,  and  DOD  con- 
tiwctors.  Although  many  of  these  came  from  the 
Host  on  area  because  of  the  high  density  of  scien¬ 
tists  in  the  region,  many  others  came  from  distant 
parts  of  this  country  as  well  as  from  abroad.  They 
have  used  and  s»e  continuing  to  use  the  unique 
facilities  of  the  NML  to  perform  experiments  that 
can  be  done  nowhere  else. 

The  visiting  scientists  account  for  about  half  of 
the  total  “magnet  time"  in  the  present  16-hour 
day,  5-day  week  operating  schedule.  The  continu¬ 


ing  need  of  the  unique  high-magnetic  field  facili¬ 
ties  at  the  NML  is  further  emphasized  by  the 
steadily  increasing  number  of  requests  for  magnet 
time.  The  waiting  list  for  new  experiments  is  now 
■3  months  and  can  be  expected  to  lengthen.  Many 
of  the  visiting  scientists’  programs  involve  re¬ 
search  on  the  electronic  properties  of  solidstate 
materials.  Quite  irrespective  of  the  investigators’ 
affiliation,  a  considerable  amount  of  new  informa¬ 
tion  has  been  obtained  and  reported  on  metals, 
semimetals,  semiconductors,  superconductors,  and 
magnetic  materials.  Ail  of  which  is  of  consider¬ 
able  importance  to  the  AFOSR  program  of  re¬ 
search  in  the  solidstate  sciences.  In  the  6-year 
period  1  July  1960  to  1  July  1966,  the  average 
number  of  full-time  staff  members  at  the  NML 
has  grown  to  41.  Although  full-time  operation  of 
the  facility  did  not.  actually  begin  until  November 
1963,  the  NML  staff  have  published  or  submitted 
for  publication  (as  of  1  July  1966)  approximately 
227  papers  in  scientific  journals  and  books,  and 
have  given  approximately  235  talks  at  scientific 
meetings. 

Potential  Application*  and  Technological 
Implication* 

Although  applications  and  practical  devices 
which  might  result  from  basic  research  in  high- 
magnetic  fields  at  the  NML  are  not  the  principle 
mission  of  the  laboratory,  potential  technological 
implications  are  not  overlooked.  Basic  research 
into  the  s|>ecial  properties  of  matter  in  intense 
magnetic  fields  can  be  expected  to  discover  new 
phenomena  which  can  lead  to  new  ideas  for  em- 
Imdiment  into  practical  devices.  Better  under¬ 
standing  of  the  structure  and  behavior  of  solids 
could  lead  to  new  or  improved  electronic  solid 
state  electronic  devices  such  as  transistors,  diodes, 
computer  memory  elements,  lasers,  masers,  etc. 
Diodes  and  masers  have  already  been  investigated 
in  high-magnetic,  fields  and  have  demonstrated 
unique  properties  which  could  extend  or  open  new 
applications.  The  tuning  of  maser  frequencies  by 
variable  magnetic  fields  is  an  example.  The  pos¬ 
sibility  of  developing  new  maser  devices,  such  as 
cyclotron  resonance  and  magnetooptical  masers  is 
dependent  upon  the  use  of  high-magnetic  fields. 

The  use  of  high -magnetic  fields  in  nuclear  and 
magnetic  resonance  permits  greater  sensitivtiy  of 
detection  of  these  phenomena  and  therefore  en¬ 
hances  the  possibilities  of  more  sensitive  inertial 


guidance  systems  which  utilize  atomic  or  electron- 
nuclear  resonance. 

High  fields  can  be  exploited  for  tin  development 
!  of  high-intensity  millimeter  and  submillimeter 

J  wave  generation.  Because  of  their  short  wave- 

|  lengths,  these  radiations  permit  the  development 

”  of  a  new  radar  and  communication  technologies  in 

{  a  part  of  the  electromagnetic  spectrum  not  yet  cx- 

i  p|nmi  in  :i  practical  way  by  scientists  and 

]  engineers. 

{  The  use  of  ferrites  as  microwave  components  is 

i  already  widespread.  Further  studies  of  the  prop- 

|  erties  of  ferrites  and  antiferromagnetie.  materials 

!  in  high-magnetic  fields  may  provide  new  and  more 

[  efficient  microwave  components. 

Another  new  area  of  research  in  which  high- 
magnetic  fields  play  an  important  role  is  that  of 
i  ultrasonic  propagation  and  attenuation  in  solids. 

In  particular,  it  has  been  shewn  theoretically  that 
|  high-magnetic  fields  permit  the  possibility  that 

vices  can  be  built  with  semimetals  and  semiconduc¬ 
tors  which  will  amplify  ultrasound  and  alter  the 
velocity  of  sound  in  these  solidstate  materials.  De- 
>  vices  based  on  these  two  physical  phenomena  may 

lie  important  for  delay  linee  used  in  present  radar 
and  communciation  systems. 

Basic  studies  of  the  properties  of  superconduc¬ 
tors  in  high  magnetic  fields,  available  only  at  the 
NML,  have  resulted  in  the  development  and  fabri¬ 
cation  of  new  superconducting  alloys.  These  new 
materials  which  can  be  used  to  produce  high-mag¬ 
netic  fields  in  large  volumes,  show  promise  for  ap¬ 
plications  with  important  technological  implica¬ 
tions.  For  example,  the  confinement  of  plasmas  in  a 
thermonuclear  reactor  and  the  direct  conversion 
of  heat  into  electric  i sneer  by  a  magnetohydro- 
dynatnic  generator  both  require  moderately  intense 
magnetic  fields  in  large  volumes. 

I  Potential  space  applications  of  superconducting 

magnets  include  the  inductive  storage  of  electric 
energy  in  superconducting  coils  (to  replace  stor¬ 
age  batteries)  and  the  shielding  of  space  travelers 
|  by  the  magnetic  deflection  of  high-energy  charged 
particles  (to  replace  massive  shielding  walls).  In¬ 
ertial-guidance  navigation  systems  may  ultimately 
make  use  of  magnetically  suspended  frictionless 
gyroocojies  employing  currents  in  a  supervonduc- 

I:  tor.  The  loss-free  generation,  t  ransformation  (d.e.- 

a.c.)  and  transmission  of  electric  j tower  by  super¬ 
conductors  may  someday  revolutionize  the  entire 
power  industry. 


Structural  Materials  for  High 
Temperatures  and  Reactive 
Environments 

Dr.  .1.  Thomas  Ratvhkosd 

When  solid  objects  move  in  and  through  the 
atmosphere  at  high  speeds,  a  serious  problem  may 
arse  from  the  high  temperatures  engendered  by 
the  frictional  losses  involved-  This  is  a  boundary 
condition  which  must  1*  faced  by  the  designer  of 
the  space  reentry  vehicle,  since  serious  trouble 
may  be  caused  by  frictional  heating  in  supersonic 
and  subsonic  aircraft  as  well.  For  both  cases  it  is 
fairly  obvious  that  there  is  a  wide  selection  of 
methods  available  for  protecting  men  and  equip¬ 
ment  against  the  high  temperatures  resulting 
from  large  heat,  influxes  encountered. 

For  subsonic  and  supersonic  aircraft  and  lifting 
bodies,  careful  aerodynamic  design  can  reduce 
frictional  losses.  Not  only  is  this  desirable  to  re¬ 
duce  the  heat  influx,  but  it  is  desirable  for  other 
reasons  such  as  weight  and  range  considerations. 
With  reentry  vehicles,  the  problems  are  vastly 
more  formidable  and  their  solution  may  require 
many  of  the  techniques  which  are  available.  The 
use  of  ablative  coatings  is  well  known,  where  the 
Intent  heat  of  evaporation  (or  sublimation)  is 
used  to  dissipate  the  unwanted  heat.  Here  one  re¬ 
quires  an  ablative  material  which  goes  through  the 
proper  change  of  phase  at  a  suitable  temperature 
under  operational  conditions. 

The  Iteat  capacity  of  the  vehicle  itself  may  be 
increased,  thus  reducing  the  temperature  rise  for 
a  given  hear  input.  The  obvious  way  to  do  this  is 
to  thicken  the  outer  skin,  but  the  ]>enalty  resulting 
front  the  increased  weight  of  the  outer  skin,  insu¬ 
lation,  and  cooling  equipment  is  high. 

Internal  coolants  which  regulate  the  internal 
teni|>erature  can  lie  useful.  For  example,  a  sub¬ 
stance  can  be  made  to  undergo  a  change  of  phase 
while  constrained  between  the  inner  and  outer 
walls.  A  serious  limitation  is  the  rate  at  which  heat 
can  he  transferred  to  the  coolant  front  the  outer 
skin. 

Perhaps  the  must  attractive  alternative  for  most 
applications  is  insulation  of  the  outer  skin  sur¬ 
face.  If  the  high  temperature  material  used  for 
this  is  also  suitable  for  structural  members  the  ad 
vantages  become  even  more  pronounced.  Such  a 
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material  increases  the  efficiency  of  radiative  trans¬ 
fer  immensely,  since  radiative  energy  leases  vary 
as  the  fourth  power  of  the  absolute  temperature. 
At  the  same  time  the  influx  of  heat  to  the  inner 
wall  is  greatly  reduced,  making  the  internal  cool¬ 
ing  problem  much  simpler. 

It  is  appropriate  to  mention  a  concomitant  prob¬ 
lem  which  must  be  faced  in  practical  situations. 
This  is  the  fact  that  in  an  oxidizing  environment 
metals  rapidly  corrode.  Thus  it  would  be  advan¬ 
tageous  if  a  material  that  is  already  an  oxide  could 
be  used  for  high-temperature  structural  applica¬ 
tions. 

AFOSR  has  recognized  the  importance  of  pro¬ 
tecting  men  and  equipment  from  high  tempera¬ 
tures,  and  has  actively  supported  a  basic  research 
program  in  this  area  from  the  very  beginning  of 
its  existence  as  an  organization.  The  complex  na¬ 
ture  of  the  problem  was  evident  from  a  perusal  of 
the  engineering  data  available.  Various  options  in 
solving  the  problem  were  available,  and  the  solu¬ 
tion  has  been  sought,  from  basic  studies  which 
might  be  described  as  interdisciplinary  in  nature. 
The  following  discussion  will  emphasize  two  ap 
proaches  in  finding  high-temperature  structural 
materials.  First  we  consider  ways  of  protecting 
currently  used  materials  from  the  deleterious  ef¬ 
fects  of  high  temperatures.  Then  the  possibilities 
of  developing  completely  new  structural  materials 
are  discussed  in  regard  to  basic  research  which 
holds  high  promise. 

The  biggest  problem  one  faces  with  most  struc¬ 
tural  materials  at  high  temperature  is  oxidation. 
This  is  basically  a  chemical  reaction.  However,  the 
current  status  of  knowledge  concerning  the  chem¬ 
istry  of  materials  at  very  high  temperatures  is  in  a 
very  crude  state.  Scientifically  we  lack  basic  data  in 
the  form  of  equilibrium  diagrams,  crystallo¬ 
graphic  data,  and  mechanisms  if  reactions. 
Without  such  basic  information  on>  cannot  even 
properly  and  quantitatively  descriU  the  problem 
of  high-temperature  oxidation;  thtrefore  pre¬ 
scribing  a  solution  is  very  difficult.  A  problem  of 
such  magnitude  does  not  lend  itself  easily  to 
empirical  solution  as  other  more  simple  ones  have 
done  in  the  past. 

Rustum  Roy  of  the  Pennsylvania  State  Univer¬ 
sity  has  lieen  studying  basic  reaction  mechanisms 
and  kinetics  in  solid  phase  reactions  at  very  high 
temperatures  with  AFOSR  support  since  1961. 
Since  a  metal  with  an  oxide  protective  coating  is  an 
example  of  two  solid  phases  in  equilibrium. 


this  study  is  attacking  the  basic  scientific  problems 
involved.  Furthermore,  efforts  to  obtain  strong 
materials  for  such  applications  as  jet  engine  rotors 
are  leading  to  carbides,  borides,  and  oxides.  The 
interreaction  of  solids  is  frequently  used  to  pre¬ 
pare  these  materials,  rather  than  reactions  using 
a  melt  or  liquid. 

Reactions  between  solids  are  determined  to  a 
large  extent  by  the  nature  and  concentration  of 
point  defects  in  the  system,  because  diffusion  of 
ions  is  dependent  upon  point  defects.  The  influ¬ 
ence  of  the  crystal  structure  on  solid-state  reactions 
is  also  very  important,  and  must  be  understood  in 
order  to  be  able  to  predict  reaction  properties.  Roy 
has  made  significant  contributions  in  explaining 
these  high-temperature  solid  phase  reactions,  and 
use  of  his  results  by  those  involved  in  design  and 
producton  of  useful  high-temperature  materials 
should  be  extensive. 

The  basic  research  on  diffusion  in  crystals  by 
C.  E.  Birchenall  exemplifies  another  approach  to 
the  same  fundamental  problem  of  high  tempera¬ 
ture  materials. 

Oxidation  of  metals  and  alloys  not  only  offers 
protection  against  structural  degradation  in  high 
temperatures  and  more  reactive  environments,  but 
is  also  a  logical  outgrowth  of  research  on  the  na¬ 
ture  of  atomic  and  ionic  transport  processes  in 
crystals.  AFOSR  has  supported  this  research  since 
1953,  during  Birchenall’s  tenures  first  at  Princeton 
and  later  at  the  University  of  Delaware. 

This  research  includes  detailed  investigations  of 
some  of  the  component  parts  of  the  oxidation 
process.  At  elevated  temperatures  metals  and  al¬ 
loys  form  solid  oxides  at  rates  controlled  by  the 
diffusion  of  ions  in  the  oxides  as  noted  above. 
In  order  for  this  diffusion  to  occur,  point  defects 
must  exist.  However  these  defects  and  their  be¬ 
havior  are  not  the  same  in  all  types  of  crystals.  To 
understand  their  differences  and  derive  general 
methods  for  describing  their  behavior,  many  ex¬ 
amples  with  different  kinds  of  binding  forces  must 
be  studied,  such  as  metals,  oxides,  and  covalent 
semiconductors.  Of  particular  importance  is  sur¬ 
face  diffusion  on  metals.  A  mechanism  for  self  dif¬ 
fusion  (diffusion  by  atoms  of  the  same  kind  chemi¬ 
cally  as  the  crystal  itself)  on  iron  crystals  was  de¬ 
veloped  in  some  detail,  and  has  been  valuable  in  the 
explanation  of  diffusion  on  certain  metallic  crystal 
surfaces.  This  “vacancy  model”  uses  the  properties 
of  missing  atoms  (vacancies)  on  the  surface  to 
show  how  diffusion  occurs.  The  weight  of  export- 
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mental  evidence  supports  this  model,  and  it  1ms 
been  a  necessary  step  in  the  progressive  under- 
standing  of  the  phenomenon. 

This  investigation  of  diffusion  is  still  underway, 
with  more  and  more  complex  questions  asked.  For 
instance,  the  effect  of  saturation  magnetic  fields  on 
volume  self-diffusion  in  ferromagnetic  iron  is 
being  checked,  and  chemical  interdiffusion  is  being 
examined  in  certain  alloys.  Answers  to  these  prob¬ 
lems  will  fill  in  still  further  the  matrix  of  informa¬ 
tion  necessary  to  produce  optimum  materials  with 
surfaces  exhibiting  the  necessary  propert  ies. 

Surprisingly  or  not,  an  explanation  of  the  na¬ 
ture  of  scaling  processes  would  help  in  design  of 
high-temperature  components  as  well  as  in  the 
more  commonly  thought  of  marine  applications.  It 
is  a  very  complex  kinetic  reaction  of  great  tech¬ 
nological  importance,  and  the  research  resuits  of 
both  Hoy  and  Birehenall  have  made  and  are  mnk- 
ing  contributions  to  its  ultimate  solution. 

Perhaps  the  most  attractive  avenue  open  for 
developing  high-temperature  structural  materials 
is  to  find  ways  to  strengthen  the  well-known  ce¬ 
ramics,  which  already  have  many  of  the  desired 
high-temperature  characteristics.  As  we  know 
from  their  uses  in  industrial  furnaces  (firebrick), 
bathroom  fixtures  and  floors  and  ancient  art  mas¬ 
terpieces,  ceramics  have  attractive  physical  prop¬ 
erties.  Contrast  the  results  in  dropping  ceramic 
and  metal  flower  vases  however,  ai.d  one  realizes 
some  of  their  seemingly  inherent  disadvantages. 
Effective  methods  for  strengthening  ceramics  are 
needed  in  order  for  their  use  to  flourish  as  a  struc¬ 
tural  material  sn  the  space  age. 

Since  1955,  AFOSR  has  sponsored  one  of  the 
pioneering  efforts  in  this  field  at  Northwestern 
t’niversitv.  Here,  Morris  K  Fine  has  translated 
his  extensive  knowledge  of  strengthening  mechan¬ 
isms  in  metals  to  this  unexploited  area  of  ceramics. 
It  is  now  known  that  hardened  fine  steels,  some 
known  since  the  days  of  antiquity,  depend  for 
their  strength  on  the  fact  that  very  fine  particles 
are  dispersed  in  a  matrix  of  iron.  This  is  known  as 
“precipitation  hardening."  since  the  tiny  particles 
are  precipitated  during  the  manufacture  of  the 
material.  This  basic  phenomenon  has  quite  wide 
application,  since  we  find  that  1  tones  in  vertebrate 
animals,  including  man,  also  are  hardened  bv  a  dis¬ 
persion  of  tiny  precipitates,  (dearly  more  knowl¬ 
edge  is  needed  concerning  the  phenomenon  and  its 
application  to  ceramic  systems. 

Fine  has  undertaken  to  understand  better  the 


important  factors  involved  in  precipitation  hard¬ 
ening  in  metals,  and  their  application  to  ceramics. 
His  first  work  in  this  almost  completely  unex¬ 
ploited  field  was  with  sodium  chloride  crystals, 
ordinary  table  salt.  Hardening  by  precipitation 
of  potassium  chloride  increased  its  strength  by  a 
factor  of  10.  It  was  shown  that  instead  of  the,  usual 
smooth  cleavage  faces  found  in  sodium  chloride, 
the  material  with  precipitates  cleaved  with  very 
rough  faces.  The  precipitates  had  interfered  with 
the  cleavage  process  and  increased  the  strength  of 
the  material  propoitionately.  Although  table  salt 
probably  w  ill  not  have  extensive  technological  uses 
as  a  structural  material,  these  experiments  did  es¬ 
tablish  a  basic  principle  and  yield  useful  quantita¬ 
tive  data. 

Experiments  with  magnesium  oxide  and  iron 
precipitates  yielded  much  basic  and  useful  infor¬ 
mation.  The  iron  was  diffused  into  the  samples  a. 
high  temperatures  and  variation  in  oxygen  pres¬ 
sure  was  found  to  vary  the.  proportion  of  trivalent 
to  divalent  iron.  This  turns  out  to  be  quite  impor¬ 
tant,  since,  wustite  (FeO)  is  completely  soluble  in 
magnesium  oxide  but  hematite  (Fe203)  is  not. 
Thus  with  proper  treatment  one  finds  the  trivalent 
iron  precipitating,  as  magnesioferrite  (MgFe-O.), 
resulting  in  significant  strengthening.  Divalent 
iron  on  the  other  hand  does  not  strengthen,  indicat¬ 
ing  the  reason  t>ehind  the  importance  of  the  oxygen 
pressure  during  the  manufacturing  process. 

One  knows  that  metals  are  strengthened  by  dis¬ 
solving  one  metal  in  another.  An  example  is  zinc 
dissolved  in  copper  to  produce  brass,  which  is 
stronger  than  either  component.  In  ionic  crystals 
the  alloying  element  must  have,  a  different  valence 
from  the  ion  in  order  to  iner  isethe  strength  of  the 
crystal.  One  can  see  in  the  accompanying  graph 
that  trivalent  iron  (here  maintained  in  solution  by 
very  rapid  cooling)  increases  the  strength  of  the 
magnesium  oxide  sixfold.  Thus  we  find  there  are 
two  ways  to  strengthen  ceramics:  alloying  and  pre¬ 
cipitation.  In  precipitation  strengthening  there  is 
another  variable  to  consider,  the  number  and  size  of 
the  particles.  In  a  typical  sample  in  Fine's  studies, 
there  are  a  hundred  thousand  trillion  particles  per 
cubic  inch,  and  the  number  and  size  may  be  con¬ 
trolled  by  processing  conditions.  These  precipitates 
also  impart  another  interesting  property  to  the 
magnesium  oxide.  The  magnesioferrite  precipitate 
is  ferrimagnetic,  with  many  potential  uses  such  as 
high  frequency  transformers  and  memory  cores 
for  computers.  This  technological  “fallout"  in  the 
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form  of  interesting  magnetic  properties  is  b<-:  -» 
considered  as  a  broad-band  radar  absorber  for  po¬ 
tential  application  to  Air  Force  systems. 

These  important  basic  research  studies  are  con¬ 
tinuing  with  other  oxide  systems,  such  as  alumi¬ 
num  oxide  with  titanium  precipitates.  Here  pre¬ 
liminary  results  show  a  significant  increase  in 
strength  for  the  aluminum  oxide  containing  pre¬ 
cipitates.  The  overall  results  to  date  show  that 
Fine's  fertile  research  on  the  strength  of  ceramics 
has  been  and  will  continue  to  be  productive  and  of 
great  importance  to  the  Air  Force  in  the  years 
ahead. 

A  broad  spectrum  of  basic  knowledge  is  needed 
to  meet  requirements  for  structural  materials  use¬ 
ful  in  high  temperature,  reactive  environments. 
As  these  basic  scientific  questions  are  answered,  the 
engineer  and  design  specialist  will  have  a  greater 
choice  of  materials  to  aid  him  in  overcoming  tne 


increasingly  complex  demands  of  aerospace  tech¬ 
nology. 
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Figure  4, — Effect  of  dissolved  iron  on  critical  resolved  shear  strength  of  MgO  crystals. 
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Application  of  Emittance 
Measurements  in  Ablation  Test 

Lt.  Col.  Randal  A.  IIouipobbk 

The  emergence  of  hypersonic  aircraft  and  space 
flight  has  created  a  need  for  materials  which  are 
suited  to  extreme  environments.  One  important 
environmental  factor  is  high  temperature.  Since 
the  temperatures  encountered  in  these  environ¬ 
ments  occasionally  exceed  tV.e  melting  points  of 
conventional  materials  and  in  most  instances  are 
in  regions  where  material  strength  becomes  very 
low,  it  has  become  necessary  either  to  reduce 
temperature  or  to  find  new  materials  which  are 
capable  of  withstanding  these  temperatures,  A 
development  which  grew  out  of  this  necessity  was 
application  of  the  ablation  principle.  In  general, 
this  principle  is  considered  to  be  that  by  which 
material  is  sacrificed  for  protection  of  some  under¬ 
lying  structure.  In  other  words,  mass  is  traded 
for  heat. 

For  a  typical  organic  ablator,  during  the  initial 
phase  of  heating  the  body  acts  as  a  heat  sink  (i.e. 
the  heat  transferred  to  the  body  simply  increases 
the  surface  temperature).  Then,  at  the  material 
decomposition  temperature  gases  are  evolved  and  a 
char  layer  forms.  As  the  process  continues  the 
boundary  between  the  char  and  the  virgin  mate¬ 
rial  moves  inward  and  decomposition  gases  flow 
outward  through  the  porous  char.  These  gases  act 
as  a  transpiration  coolant  for  the  surface.  As  the 
char  thickens,  the  rate  at  which  heat  reaches  the 
interface  decreases;  the  rate  of  inward  movement 
of  the  char  boundary  decreases;  and  the  trans¬ 
piration  cooling  effect  decreases.  Thus,  the  surface 
temperature  rises  and,  in  a  stable  system,  a  steady- 
state  char  thickness  is  maintained. 

For  charring  ablator  systems  operated  at  high 
temperatures  and  for  purely  radiative  thermal  pro¬ 
tection  systems,  the  radiation  controlled  processes 
are  of  major  importance.  Thus,  a  thorough  knowl¬ 
edge  of  emittance  of  materials  is  a  necessity.  The 
surface  temperatures  of  such  systems  will 
approach,  and  in  some  instances,  may  exceed 
‘2,000°  C. 

In  recognition  of  the  need  for  high-temperature 
emittance  data,  the  Air  Force  Office  of  Scientific 
Research  supported  the  investigations  of  Tabor  S. 
Lftszlo  at  the  research  and  advanced  development 


division  of  Aveo  Corp.  from  June  1962  through 
October  1964.  This  support  materially  assisted 
Laszlo’s  group  in  obtaining  high-temperature 
emittance  data. 

Prior  to  Laszlo’s  work  (1),  emittance  data  for 
materials  at  temperatures  above  2,000°  C.  were 
very  scarce  and  there  were  no  really  satisfactory 
methods  for  obtaining  such  data.  The  methods  for 
obtaining  emittance  data  in  general  usage  relied 
on  the  comparison  of  the  emittance  of  the  sample 
with  that  of  a  blackbody  at  the  same  temperature. 
These  methods  become  increasingly  difficult  to 
apply  as  the  temperature  approaches  2,000°  C,  As 
the  temperature  is  increased  problems  connected 
with  furnace  material  strength  and  reaction  be¬ 
tween  the  sample  and  its  holder  become  very  diffi¬ 
cult.  Conventional  furnaces  are  limited  to  an  op¬ 
erating  temperature  of  about  1,800°  C.  Induction 
furnaces  are  capable  of  producing  very  high  tem¬ 
peratures  in  the  sample,  but  there  are  problems 
in  connection  with  the  use  of  these  furnaces.  These 
problems  are  mainly  connected  with  contamination 
of  the  sample.  Usually,  a  susceptor  or  a  crucible 
must  be  in  contact  with  the  sample.  In  such  cases 
reaction  between  the  sample  and  the  material  of 
the  crucible  and/or  susceptor  are  almost  impos¬ 
sible  to  avoid. 

In  1957,  Laszlo  (2)  proposed  an  approach  for 
measuring  the  emittance  of  materials  above 
2,000°  C.,  through  the  use  of  a  solar  furnace. 
Later,  Blau  (3)  and  Comstock  (4)  attempted  to 
use  solar  and  carbon  arc-image  furnaces  for  emit¬ 
tance  measurements  based  on  this  approach,  but 
until  Laszlo’s  work,  success  of  this  method  was 
rather  limited.  The  AFOSR  sponsored  investiga¬ 
tion  was  concerned  with  the  development  of  the 
necessary  mathematical  equations,  instrumenta¬ 
tion,  and  techniques  for  high-temperature  emit¬ 
tance  measurements  with  a  calibrated  solar  fur¬ 
nace. 

The  basic  approaches  generally  used  in  the 
measurement  of  emittance  may  be  classified  as 
direct  and  indirect  methods.  In  the  direct  method, 
the  radiant  energy  emitted  by  the  sample  is  com¬ 
pared  with  that  emitted  by  a  blackbody  at  the 
same  temperature  as  the  sample.  Whereas,  in  the 
indirect  method,  the  reflectance  of  the  sample  ’’s 
measured  and  the  emittance  is  calculated  from 
Kirch  off's  law.  This  method  is  applicable  only  to 
opaque  bodies  or  (todies  of  known  transmittance. 

Both  of  these  methods  present  considerable  ex- 
]>erimental  difficulties.  Measurement  of  surface 
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temperature  is  ons  of  the  greatest  problems.  Above 
the  operating  range  of  themocouples,  optical  or 
radiation  pyrometers  are  generally  used.  However, 
use  of  these  instruments  requires  a  prior  knowl¬ 
edge  of  the  surface  emittance. 

There  also  exist  problems  connected  with  refer¬ 
ence  blackbodies.  Since  reference  blackbody  radia¬ 
tors  are  available  only  for  temperatures  below 
1,500°  C-,  an  even  lower  temperature  limit  is  set. 
The  use  of  a  reference  blackbody  cavity  in  the 
specimen  also  presents  difficulties.  The  most  seri¬ 
ous  of  which  is  the  requirement  of  maintaining  the 
same  temperature  on  the  specimen  surface  as  in  the 
cavity.  Thu:  is  particularly  true  when  the  specimen 
is  heated  by  radiation. 

Further  difficulties  are  encountered  in  connection 
with  the  controlled  heating  of  a  sample  to  high 
temperatures.  Beyond  the  range  of  electric  resist¬ 
ance  furnaces,  induction  heating  can  be  used  if  the 
specimen  is  a  susceptor.  If  it  is  not,  an  auxiliary 
susceptor  can  be  used.  However,  reactions  between 
the  sample  and  the  susceptor  may  occur  and  dis¬ 
tort  the  data. 

In  an  image  furnace,  any  sample,  regardless  of 
its  magnetic  susceptibility,  can  be  heated  to  high 
temperatures  without  contamination  from  its  sur¬ 
roundings.  In  a  solar  furnace,  heat  fluxes  corre¬ 
sponding  to  a  blackbody  temperature  of  approxi¬ 
mately  4,500°  C-  can  be  reached  (5) .  The  special 
characteristics  of  a  calibrated  9olar  furnace  also 
make  it  possible  to  measure  the  surface  tempera¬ 
ture  with  an  optical  pyrometer  without  previous 
knowledge  of  the  emissivity. 

The  use  of  an  image  furnace  does,  however,  im¬ 
pose  some  difficulties.  There  are  such  thing  as :  The 
need  to  separate  the  radiation  emitted  by  the  sur¬ 
face  from  that  reflected  by  the  surface,  the  small 
size  of  the  radiating  area,  and  the  nonuniformity 
of  the  heat  flux  impinging  on  the  specimen.  These 
difficulties  have  been  overcome  by  Laszlo  and  his 
group  and  emittance  measurements  have  been  per¬ 
formed  in  the  solar  furnace. 

Emittance  data  for  a  number  of  different  mate¬ 
rials  including  heat  shield  materials  were  obtained. 
Of  specific  interest  were  the  unexpected  data  ob¬ 
tained  during  the  high-temperature  emittance 
measurement  of  oxides  (d) .  Rods  of  alumina,  mag¬ 
nesia  and  zirconia  were  heated  in  the  solar  furnace. 
The  incident  flux  was  known  from  calibration 
data;  the  temperature  of  the  samples  and  the 
emitted  flux  were  measured  for  each  incident  flux 
level.  The  temperature  of  the  zirconia  rose  steeply. 


continuously  with  the  flux  increase.  In  contrast  to 
this  behavior  the  magnesia  and  alumina  behaved  in 
an  unexpected  and  interesting  manner.  At  the  be¬ 
ginning  of  the  heating  process,  the  temperature  of 
theee  materials  rose  very  slowly  or  not  at  all  with 
a  large  increase  of  the  incident  flux.  Suddenly,  it 
rose  very  rapidly  with  only  a  slight  increase  in 
flux. 

From  the  large  temperature  increase  it  appears 
that  a  much  larger  fraction  of  the  incident  flux  was 
absorbed  by  the  magnesia  and  alumina  slightly 
above  their  melting  points  than  slightly  below  it. 
Emittance  data  supply  confirmation  of  this  state¬ 
ment.  The  emittance  of  alumina  increased  from 
0.6  to  1.0.  However,  the  emittance  of  zirconia,  al¬ 
though  it  rose  from  0.52  to  0,92  before  melting, 
dropped  to  0.82  after  melting. 

The  flux  emitted  by  the  samples  showed  the  same 
sudden  increase  when  the  melting  point  of  the  alu¬ 
mina  and  magnesia  was  reached,  but  no  such  phe¬ 
nomenon  was  observed  with  zirconia.  The  flux 
emitted  by  the  zirconia  samples  varied  in  the  ex¬ 
pected  manner. 

These  observations  indicate  a  simultaneous  in¬ 
crease  in  emittance  and  temperature.  An  explana¬ 
tion  for  these  sudden  changes  in  temperature  and 
emittance  at  the  melting  point  is  not  readily  ap¬ 
parent.  However,  Laszlo  (6)  proposes  the  follow¬ 
ing  mechanism : 

The  abrupt  changes  in  the  magnitude  of  ob¬ 
served  temperature  can  be  explained  by  the  low- 
solar  absorptance  of  the  white  alumina  and 
magnesia  samples.  Since  only  a  very  small  fraction, 
approximately  10  percent  of  the  concentrated  solar 
radiation  is  absorbed,  a  large  increase  in  the 
incident  flux  causes  only  a  small  increase  in  ab¬ 
sorbed  energy  and  thus,  a  small  increase  in  temper¬ 
ature  increase  is  not  easily  detected  by  this  method 
since,  in  such  a  case,  the  magnitude  cf  the  reflected 
energy  component  is  much  laiger  than  the  emitted 
component.  Thus,  the  specimen  temperature  meas¬ 
urement  is  insensitive  to  small  changes  in  emitted 
radiation.  When  melting  occurs,  these  conditions 
are  suddenly  reversed  if  the  solar  absorptance  of 
the  sample  increases  considerably.  Thus,  not  only 
will  the  increase  of  incident  fiux  cause  a  large  tem¬ 
perature  increase,  but  the  method  becomes  very 
sensitive  to  small  increases  in  the  incident  con¬ 
centrated  solar  radiation  since  the  emitted  and 
reflected  flux  are  of  the  same  order  of  magnitude. 

He  also  proposes  several  possible  causes  for  the 
sudden  increase  in  apparent  solar  absorptance  are 
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given.  These  include’  The  formation  of  a  liquid 
lens;  emission  from  both  the  surface  and  the 
volume;  the  failure  of  the  assertion  that  trans¬ 
mittance  is  zero;  and  a  difference  in  thermal  con¬ 
ductivity. 

Emittance  measurements  on  alumina,  magnesia, 
and  zirconia  are  of  particular  importance  in  view 
of  possible  use  of  these  ceramics  as  heat  shields. 
Investigation  of  the  characteristics  of  porous 
alumina  and  zirconia  impregnated  with  resins  has 
been  performed  ( 7 )  and  these  materials  have  been 
found  valuable  because  they  combine  the  low 
thermal  conductivity,  high  specific  heat  and  mass 
transfer  effects  of  the  plastics  with  the  heat 
resistance  and  thi .  mal  stability  of  the  ceramics. 

The  results  of  emittance  measurements  on  spe¬ 
cific  ceramics  constitute  only  one  example  of  the 
utility  of  this  emittance  measurement  method.  The 
immediate  application  of  this  method  to  develop¬ 
mental  problems  is  in  the  area  of  heat  shield  abla¬ 
tion  measurements. 

The  importance  of  emittance  measurements  was 
pointed  out  in  the  introduction  to  a  paper  (&) 
presented  at  the  symposium  on  thermal  radiation 
of  solids  in  March  of  1964. 

The  design  and  i*rformance  of  future  space 
systems  will  depend  to  a  great  extent  upon 
radiant  heat  transfer  characteristics  of  sur¬ 
faces  exposed  to  high-energy  and  high-tem¬ 
perature  environment.  Reentry  systems 
following  a  wide  range  of  trajectories  will 
encounter  high  heat  flux  environments  and 
when  operating  at  high  temperatures  will 
dissipate  large  amounts  of  energy  through 
radiation  transport.  In  addition,  heat  transfer 
from  leading  edges  and  rocket  nozzles  will  be 
a  function  of  the  radiation  characteristics  of 
their  surfaces.  In  these  and  other  cases  the 
overall  system  temperature  may  often  be 
established  by  surface  emittance  values.  For 
example,  space  radiator  size  and  weight  is 
generally  universally  related  to  surface 
emittance. 

In  many  cases,  reported  emittance  data  is 
contradictory  or,  as  with  many  new  coating 
systems  of  interest  to  the  Air  Force,  this  data 
is  entirely  unavailable.  Currently,  data  ob¬ 
tained  by  different  investigators  on  the  same 
material  have  varied  by  more  than  50  percent- 
in  some  instances.  These  differences  may  have 
bean  due  to  poor  experimental  techniques, 
improper  preparation  of  samples,  inadequate 


definition  of  experimental  conditions,  or  poor 
instrumentation. 

Knowledge  of  the  high-temperature  emittance 
characteristics  of  materials  will  play  an  important 
role  in  the  selection  of  materials  for  hypersonic 
aircraft  surfaces  which  will  be  exposed  to  high 
temperatures.  There  are  indications  that  the  “hot 
structure”  concept  ( i.e.,  the  structure  is  not  cooled, 
insulated  or  ablated)  must  be  used  for  hypersonic 
aircraft  (9) .  If  such  a  concept  is  used  surface  tem¬ 
peratures  on  some  areas  of  the  aircraft  will  be 
above  1,700°  C.  For  these  area1;  tantalum  and 
tungsten  alloys  are  being  considered.  The  emit¬ 
tance  of  these  alloys  can  be  determined  by  the 
Laszlo  approach. 

Much  of  the  testing  of  ablative  and  other  heat- 
shield  materials  has  been  performed  in  plasma-arc 
facilities,  (JO.  11).  In  these  facilities  convective 
and  radiative  effects  occur  simultaneously  and 
independent  regulation  of  the  magnitude  of  the 
components  is  difficult.  This  is  particularly  true 
for  test  conditions  which  require  a  high-radiant 
component  (i.e.,  high  surface  temperatures).  In 
view  of  this  difficulty,  Laszlo  and  his  coworkers 
decided  to  determine  the  effects  of  each  process 
separately.  They  then  proceeded  to  study  the 
radiant  heating  effects  by  use  of  solar  image 
furnace  (12).  In  this  study  the  methods  previously 
developed  (1)  for  emittance  measurements  were 
U9ed.  Ablation  testing  was  performed  with  a  60- 
inch  9olar  furnace  as  a  radiant  energy  source.  The 
concentrated  flux  was  adjustable  to  any  value  in 
the  range  from  59  to  1000  '•'/cm’sec. 

The  experimental  arrangement  is  shown.  The 
solar  radiation,  concentrated  by  the  paraboloidal 
mirror  [17]  is  adjusted  to  the  desired  level  by  the 
flux  control  screen  [1].  The  sample  [4]  is  mounted 
on  an  arm  controlled  by  a  rotary  solenoid  [3].  In 
the  normal  position  the  sample  is  out  of  the  focal 
plane.  When  the  solenoid  is  energized,  the  aim  is 
rotated  and  the  front  surface  of  the  sample  is 
brought  into  the  focal  plane.  At  the  end  of  the 
exposure,  the  solenoid  is  deenergized  and  the  sam¬ 
ple  is  removed.  The  exposure  time  is  controlled  by 
an  electrical  timer  in  the  solenoid  energizing  cir¬ 
cuit  A  single-frame  movie  camera  [24]  is  used  to 
make  photographs  during  the  test.  A  12- foot  flexi¬ 
ble  fiber-optics  light  pipe  [11]  is  used  to  transfer 
the  image  of  the  sample  profile,  as  reflected  by  the 
45°  plane  mirror  [25],  through  the  proper  lens 
systems  [13, 12]  into  the  camera.  The  emitted  and 
reflected  radiation  is  separated  by  use  of  rotating 


1.  FLUX  CONTROL  SCREEN 

2.  SAMPLE  HOLDER 

3.  ROTARY  SOLENOID 

4.  SAMPLE 

5.  DRIVE  MOTOR 

6.  MONOCHROMATIC  RADIATION  SENSOR  (]*  AND  j/  ) 

7.  TWO-POSITION  MIRROR 

8.  POS  1 

9.  AMPLIFIER 
XO.  RECORDER 

11.  12*  LIGHT  PIPE 

12.  LENS  SYSTEM  FROM  LIGHT  PIPE  INTO  CAMERA 

13.  LENS  SYSTEM  INTO  LIGHT  PIPE 

14.  OPTICAL  PATH 

15.  ROTATING  RADIATION  SHIELD 

16.  FIXED  COLLIMATOR  TUBE 

17.  SOLAR  FURNACE  MIRROR 

18.  ROTATING  DISC 

19.  SPRING  LOADED  DISC 

20.  POS  2 

21.  TOTAL  RADIATION  SENSOR  UNT> 

22.  AMPLIFIER 

23.  RECORDER 

24.  SINGLE  FRAME  MOVIE  CAMERA 

25.  PLANE  MIRROR 


U-TOU-* 


Figure  5. — Experimental  setup  far  ablation  tests. 


radiation  shield  [15).  When  the  shield  is  in  front  of 
the  sample,  no  solar  radiation  impinges.  Thus,  only 
the  radiation  emitted  by  the  sample  passes  through 
the  fixed  collimator  tube  [16].  Thus,  both  emitted 
and  reflected  radiation  pass  through  the  fixed 
collimator  tube  towards  the  radiation  sensors. 

The  samples  were  %-inch  diameter  rods,  1.5 
inches  long.  These  were  mounted  in  a  graphite 
cylinder  which  was  attached  to  the  rotary  solenoid. 
After  the  entile  assembly  was  precisely  aligned, 
the  furance  was  focused  an  the  sun  and  the  guid¬ 
ance  system  started.  The  desired  flux  level  was 
established  by  adjusting  the  flux  control  screen  [1] 
and  the  solenoid  was  activated  for  a  specific  time. 

Because  of  the  high  rate  of  ablation,  each  of 
the  three  measurements  (i.e  the  emitted  radiation, 
the  sum  of  emitted  and  reflected  radition,  and  the 
total  emitted  rediation)  were  performed  on  new, 
but  identical  samples.  For  the  first  measurement 
the  two-\>osition  mirror  [7]  was  placed  in  posi¬ 
tion  1,  thus  reflecting  the  radiation  emitted  by  the 
sample  into  monochromatic  radiation  sensor  [6]. 
The  generated  signal  was  amplified  by  amplifier 
[9]  was  was  displayed  on  recorder  [10],  In  the 
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second  stage,  the  instrumentation  was  the  same 
except  that  the  spring  loaded  disc  [19]  was  re¬ 
tarded  and  a  fresh  sample  was  used.  Thus,  the 
sum  of  emitted  and  reflected  radiation  was 
recorded  on  [10].  In  the  third  stage,  the 
two-position  mirror  [7]  was  moved  into  position 
2.  The  radiation  emitted  by  the  sample  was  then 
received  by  total  radiation  sensor  [21],  amplified 
by  amplifier  [22]  and  recorded  on  a  high-speed 
Sanborn  recorder  [2:1  j.  This  value  represented  the 
total  radiation  emitted  by  the  sample.  During 
these  exposures,  the  radiant  flux  was  held  con¬ 
stant.  The  shape  of  the  ablating  surface,  the 
length  of  the  sample-  and  the  thickness  of  the  hot 
front  layer  versus  time  were  determined  from 
the  photographic,  record.  An  alumina  radiation 
shield  was  used  to  protect  the  stainless-steel  sam¬ 
ple  holder  [2]  and  the  front  surface  of  this  shield 
was  used  as  the  reference  in  the  measurement  of 
t  he  change  in  length  of  the  sample. 

Various  ablating  materials  were  tested  by  this 
method.  Among  these  materials  were  heat-shield 
materials  and  prospective  heat-shield  materials. 
The  data  obtained  from  these  tests  were  material 


thickness  decrease*,  surface  temjieratures  and  radi¬ 
ated  fluxes  for  specific  incident  fluxes.  From  these 
data  the  dependence  of  recession  rates,  surface 
temperatures  and  emitted  fluxes  upon  incident  flux 

was  obtained. 

These  results  of  ablation  tests  indicate  that  the 
radiative  properties  of  the  ablator  are  very  iiii 
portant  parameters  in  the  evaluation  of  its  per¬ 
formance.  Since  these  properties  can  be  altered 
within  certain  limits  to  change  the  reflected  and 
emitted  radiant  flux,  a  thorough  knowledge  of 
them  is  a  necessary  step  in  the  design  of  highly 
effective  heat  Bhield& 

Design  requirements  for  heat  shields  under  hy¬ 
personic  flight  and  reentry  conditions  stimulated 
interest  in  the  high-temperature  thermal  charac¬ 
teristics  of  materials.  Results  of  early  investiga¬ 
tions  indicated  that  some  of  the  fundamental 
radiant  properties  were  not  known  at  the  requisite 
temperatures  and  fluxes.  Thus,  methods  for  the 
determination  of  these  parameters  were  sought. 
One  of  the.  most  important  of  these  parameters, 
the  emittance,  was  almost  completely  unknown 
above  temperatures  of  approximately  l,500oC. 
F.mittanee  data  in  this  temperature  region  had 
not  been  obtained  beoaus.  c  reliable  measurement 
technique  was  not  developed. 

With  the  impetus  of  need  for  high-temperature 
data,  Laszlo  and  his  coworkers  developed  tech¬ 
niques  applicable  to  solar  fum««  measurements. 
These  techniques  produced  reliable  emittanee  data 


which,  in  turn,  facilitated  the  development  of  test¬ 
ing  methods  for  heat-shield  materials.  Thus,  in¬ 
vestigations  of  a  fundamental  nature  in  the  deter¬ 
mination  of  high-temperature  emittanee  charac¬ 
teristics  have  led  to  techniques  and  methods  which 
materially  assist  the  engineer  who  is  assigned  the 
task  of  heat-shield  design. 
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Liquid  Structure 

Dmrroir  W,  Elliot 

Air  Force  Office  of  Scientific  Research  support 
of  research  in  liquid  structure  is  a  long-standing 
program  stemming  from  an  Air  Force  interest  in 
such  processes  as  welding,  casting,  wetting,  and  in 
liquid  flow  and  other  related  phenomena. 

A  lack  of  good  wr.imng  theory  for  the  behavior 
of  liquids  has  its  frustrating  and  expensive  con¬ 
sequences  at  tin  practical  level.  The  modern-day 
engineers  and  scientists,  for  all  of  their  knowledge 
of  atoms  and  molecules,  cannot  make  a  straight¬ 
forward  prediction  of  the  elementary  properties 
of  even  the  simplest  liquids.  Such  things  as  den¬ 
sities,  viscosities,  and  boiling  points,  needed  for 
the  design  and  intelligent  operation  of  chemical 
plants,  oil  refineries,  and  liquid-fueled  rockets, 
cannot  be  reliably  estimated  from  theory  and  must 
be  measured  in  the  laboratory  and  pilot  plant. 

It  is  apparent  that  continued  leek  of  full  under¬ 
standing  of  the  behavior  of  liquids  in  general  and 
solutions  in  particular  will  stand  as  a  barrier  to 
full  insight  of  many  ether  basic  problems.  Chemi¬ 
cal  kinetics  in  the  liquid  phase  is  currently  at  a 
standstill,  in  contrast  to  the  significant  gains  in 
gas-phase  kinetics  in  the  past  10  years. 

Among  the  participants  in  the  early  part  of  the 
AFOSR  program  were  Dr.  Howard  Ritter  of 
Miami  University  of  Ohio  and  Dr.  Donald  An¬ 
drews  of  Johns  Hopkins  University.  Dr.  Ritter 
succeeded  in  assembling  a  special  X-ray  diffraction 
apparatus  for  studying  special  liquids  (barium 
iodide  in  water)  and  developed  a  computer  pro¬ 
gram  to  fit  his  liquid  structure  problems. 

At  that  time  there  were  no  mathematical  equa¬ 
tions  to  express  the  theoretical  relations  compara¬ 
ble  to  what  we  had  for  crystals  and  gases.  For  this 
reason  there  existed  a  real  need  to  obtain  more  data 
on  pure  liquids  and  binary  and  ternary  problems. 
In  order  to  develop  a  theory  for  the  liquid  state 
there  is  a  need  to  know  about  the  spatial  order  of 
molecules,  their  thermal  motions,  and  the  forces 
acting  between  them,  both  in  pure  liquids  and  in 
solutions.  The  importance  of  this  type  of  infor¬ 


mation  to  the  Air  Force  for  understanding  end 
perfecting  heat  transfer  liquids,  hydraulic  fluids, 
fluid  flow,  and  lubricants  cannot  be  overstressed. 
With  this  in  mind  a  project  was  supported  with 
Dr.  Andrews  in  which  he  constructed  a  new  type 
of  calorimeter  that  embodied  an  automatic  record¬ 
ing  and  computing  system  which  made  measure¬ 
ments  of  the  high  accuracy  required  for  theoretical 
calculation j.  It  has  been  used  for  the  study  of  heat 
capacities  and  heats  of  fusion  of  a  number  of 
compounds  and  multicomponent  systems.  New 
concepts  were  de  veloped  which  aided  in  setting  up 
more  suitable  generalised  coordinates  for  liquid 
systems  and  permitted  the  simplification  of  the 
calculations. 

At  Caltech,  Cornelius  J.  Pings,  associate  profes¬ 
sor  of  chemical  engineering,  has  been  studying  the 
fundamental  behavior  of  liquids  for  the  past  8 
years  with  support  by  the  Air  Force  Office  of 
Scientific  Research. 

Pings  and  his  group  are  attempting  to  learn 
more  about  how  atoms  and  molecuhs  behave  in 
the  liquid  slate  at  various  temperatures  and  pres¬ 
sures  and  how  microscopic  forces  lace  them  to¬ 
gether  in  the  informal,  shifting  way  characteristic 
of  liquids. 

“Although  the  molecules  of  solids  are  arranged 
in  orderly  rows  ana  those  in  gases  in  perfect  dis¬ 
order,  the  molecules  in  liquids  comprise  a  moving 
interlocked  mess,  a  sort  of  ordered  chaos,"  Dr. 
Pings  explains.  “In  liquids,  each  atom  is  affected 
by  thousands  of  surrounding  atoms  whose  posi¬ 
tions  in  relation  to  each  other  are  constantly 
changing." 

This  is  an  example  of  a  many-body  problem,  a 
name  given  to  a  number  of  problems  involving  the 
simultaneous  interaction  of  a  large  number  of 
particles,  atoms,  or  molecules.  The  biggest  digital 
computers  are  not  powerful  enough  to  solve  these 
problems  by  brute-force  arithmetic.  Although 
they  are  currently  the  focus  of  much  activity  by 
theoretical  physicists  and  chemists,  progress  is 
slow,  and  a  general  solution  to  these  many-body 
problems  is  not  yet  in  sight.  Pings  and  his  co- 
workers  are  interested  in  determining  the  behavior 
of  very  simple  liquids  at  a  wide  variety  of  tem¬ 
peratures  and  pressures.  'Die  group  hopes  to  obtain 
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enough  data  to  provide  a  sound  framework  for  a 
comprehensive,  overall  theory.  The  team  is  making 
observations  of  molecules  and  their  forces  in 
liquids  with  several  techniques. 

The  first  such  technique  is  X-ray  diffraction, 
which  enables  investigators  to  measure  the  average 
number  of  neighboring  atoms  and  the  distance 
they  sit  from  each  other.  A  beam  of  X-rays  is  di¬ 
rected  at  the  liquid  l>eing  studied  and  the  atoms  in 
the  fluid  diffract  the  X-rays.  The  diffracted  radia¬ 
tion  is  detected  by  scintillation  counters.  Mathe¬ 
matical  analysis  of  the  diffraction  data  yields  di¬ 
rect  information  al>out  the  average  configurations 
in  the  system  of  moving  liquid  molecules. 

One  set  of  completed  experiments  on  liquid 
nitrogen  hns  revealed  that  each  nitrogen  molecule 
on  the  average  is  surrounded  by  a  “shell”  of  15 
neighboring  molecules  at  a  distance  about  5  per¬ 
cent  greater  than  the  shell  of  nearest  neighbors  in 
the  crystal  lattice. 

The  second  experimental  technique  is  a  study 
of  the  refractive  index  of  the  fluids.  This  is  the 
measurement  of  how  much  a  beam  of  light  is  bent 
as  it  goes  through  a  liquid.  The  amount  of  bend¬ 
ing  is  indicative  of  the  electrical  environment  in 
the  immediate  vicinity  of  a  molecule  in  the  liquid. 

These  measurements  have  been  made  on  methane, 
carbon  tetrafluoride,  and  argon.  Argon  measure¬ 
ments  have  l»een  mainly  of  the  liquid  up  to  100 
atmospheres,  but  have  also  included  some  studies 
of  both  gaseous  and  solid  argon.  Of  particular  in¬ 
terest  in  this  study  is  the  Lorentz-Lorenz  theory, 
which  postulates  a  quite  simple  relationship  be¬ 
tween  the  dielectric  constant  (or  refractive  index) 
and  the  density  of  a  substance.  The  experimental 
work  has  indicated  that  the  theory  seems  to  be 
quite  good  for  nonpolar  gases,  liquids,  and  solids. 
This  may  be  of  some  significance,  since  very  few 
properties  can  be  predicted  for  all  three  states  of 
matter  by  a  single  theory  or  model. 

The.  third  experimental  technique  is  ultrasonic 
absorption.  Ultrasound  pulses  disturb  the  liquid 
slightly,  causing  its  structure  to  change.  The  rate 
at  which  the  liquid's  forces  pull  its  molecules  back 
to  their  original  position  could  provide  informa¬ 
tion  that  may  lead  to  a  theory  of  predicting  vis¬ 
cosity  and  other  transjmrt  properties. 

Much  of  the  investigation  is  concentrated  at  the 
critical  region  of  a  liquid,  the  borderline  region 
between  liquid  and  gas.  Theoreticians  still  have 
no  satisfactory  explanation  for  the  very  strange 
behavior  of  a  fluid  at  its  critical  state.  It  is  known 


that  very  large  clumps  form  in  liquids  in  this  re¬ 
gion.  The  clumps  often  are  so  large  that  they  cause 
light  to  scatter.  In  some  instances  an  otherwise 
colorless  liquid  looks  brown  from  the  scattering. 

There  is  considerable  theoretical  and  practical 
interest  in  this  region.  Practically,  there  is  much 
interest  in  the  fact  that  heat  capacity  and  thermal 
conductivity  increase  as  much  as  ten  times.  The 
thermal  conductivity  properties  suggest  that  liq¬ 
uids  in  the  critical  state  may  provide  a  very  effec¬ 
tive  heat  transfer  medium  for  boilers  and  chemical 
processing  equipment,  and  the  heat  capacity  prop¬ 
erties  may  be  useful  for  heat  control,  as  a  sort  of 
heat  buffer. 

On  the  theoretical  side,  the  critical  region  seems 
to  be  sort  of  a  promised  land  for  the  theoretician 
interested  in  many-body  problems.  A  key  to  the 
critical  region  might  very  well  also  turn  the  lock 
of  the  whole  liquid-state  problem. 

The  use  of  advanced  mathematical  theories  in 
explaining  the  properties  of  matter  is  a  valuable 
supplement  to  the  traditional  chemical  approaches. 
Interesting  work  in  this  field  has  been  accom¬ 
plished  by  Bernard  D.  Coleman  at  the  Mellon 
Institute  under  an  AFOSR  contract. 

Coleman  used  mathematical  treatments  of  the 
mechanical  behavior  fluids,  including  such  compli¬ 
cations  as  sheer-dependent  viscosity  and  gradual 
stress  relaxation.  His  general  theory  of  “simple 
fluids  with  fading  memory,’*  developed  in  collabo¬ 
ration  with  Dr.  Walter  Noll,  is  based  on  mathe¬ 
matical  definitions  of  these  concepts. 

Translated  into  ordinary  language,  a  simple 
fluid  is  one  which  has  no  intrinsic  preference  for 
a  particular  configuration  out  of  a  class  of  con¬ 
figurations  of  equal  volume;  that  is,  it  takes  the 
shape  of  the  confining  vessel.  Similarly,  the  prin¬ 
ciple  of  fading  memory  states  that  deformations 
which  occurred  in  the  distant  past  should  have 
less  effect  on  the  present  value  of  the  stress  than 
deformations  which  occurred  in  the  recent  past. 

The  theory  obtained  by  mathematical  reasoning 
from  these  concepts  was  found  to  be  broadly  ap¬ 
plicable  to  fluids.  Even  complex  systems  such  as 
molten  j>olymers  or  polymers  in  solution  were 
found  by  the  theory  to  show  ideal  or  “Newtonian” 
behuvior  in  the  limit  of  very  slow  flow,  and  linear 
viscoelastic  behavior  in  the  limit  of  infinitesimal 
deformations. 

In  developing  the  theoretical  aspects  of  liquid 
structure  none  has  been  more  productive  under 
AFOSR  support  than  Stuart  A.  Rice  at  the  Uni- 
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versify  of  Chicago.  From  his  studies  of  the  sta¬ 
tist  ic»l  theory  of  transport  phenomena,  he  has 
published  “Statist ii'tl  Mechanics  of  Simple 
Liquids"’  (John  Wiley  i.  Sons,  Inc.,  N.Y.  1W5). 
In  this  book  he  summarises  his  approach  to  the 
theory  of  transport  in  liquids  with  an  extensive 
comparison  of  theory  end  experiment. 

Rice  has  published  several  papers  on  the  kinetic 
theory  of  dense  fluids.  One  paper  deals  with  the 
shear  viscosity  of  liquid  argon.  The  theory'  of  Rice 
and  Aihnat  ieads  to  predictions  of  the  temperature 
dependence  of  the  shear  viscosity  under  conditions 
of  constant  volume.  These  predictions  are  in  good 
agreement  with  experimental  results. 

In  another  paper  a  formula  for. the  bulk  vis¬ 
cosity  of  a  simple  liquid  has  been  obtained  from 
the  solutions  of  the  kinetic  equations  proposed  by 
Rice  and  Allnat.  The  theory  unambiguously  pre¬ 
dicts  that  the  ratio  of  bulk  to  sheer  viscosity  for 
liquid  argon,  at  a  density  of  1.12  g/ern’  and  tem¬ 
peratures  between  12iV6  and  185°  K,  should  be 
approximately  1.3. 

Dr.  Rice's  exjierimental  and  theoretical  studies 
of  the,  electronic  structures  of  disorganized  systems 
were  published  as  “Fleet run  Mobilities  in  Liquid 
Argon  and  Krypton”.  Measurements  were  re¬ 
ported  on  the  drift  velocity  of  electrons  in  liquid 
argon  and  krypton  as  a  function  of  temperature, 
pressure,  and  electric-field  strength.  It  was  dem¬ 
onstrated  that  an  elementary  scattering  theory 
provides  a  reasonable  zeroth  order  description  of 
the  mobility  in  the  low-field  region.  The  theory 
incorporates  the  effects  of  inherence  in  the  electron 
scattering  from  nearby  atoms  into  the  cross  section 
of  a  modified  Boltzmann  equation.  The  magnitude 
of  the  mobility  and  the  pressure  and  temperature 
dependence  of  the  mobility  are  all  reproduced  io 
better  than  a  factor  of  two.  It  is  found  that  the 
electron  velocity  distribution  is  not  thermal  and 
that  the  mean  electron  energy  may  be  as  large  as 
0.5  elect  ron  volt  even  when  the  electric- field 
strength  is  as  low  as  100  volts/cm.  Under  theae 
conditions,  a  dilemma  for  zero  field  calculation 
is  posed  by  the  fact  that  the  nonthermalized  elec¬ 
tron  distribution  leads  to  nonlinearity  of  the  drift 
velocity  with  respect  to  the  elec,  ric- field  strength. 

In  “Theoretical  Studies  of  Solvated  Electrons”, 
published  in  “Advances  in  Chemistry  Series”, 
Rice  and  Jortner  considered  the  metastable  excess 
electron  states  in  polar  and  n  cm  polar  liquids. 
They  discussed  the  general  questions:  (1)  What 


is  the  form  of  the  general  dispersion  curve  describ¬ 
ing  the  momentum -energy  relationship  for  a 
quasi-free  electron  in  a  liquid?  (2)  What  are  the 
conditions  which  lead  to  the  localization  of  an 
excess  electron  in  a  liquid  ?  (3)  What  is  the  nature 
of  the  transition  to  the  metallic  state  in  a  liquid 
containing  high  density  of  excess  electrons?  (4) 
What  information  can  be  extracted  from  studies 
of  the  behavior  of  excess  electrons  in  liquids  about 
the  dynamical  and  statistical  geometry  of  the 
liquid  state? 

A  neglected  area  of  research,  but  one  which 
could  play  a  major  role  in  the  liquid  structure  pic¬ 
ture,  is  that  of  liquid  crystals.  These  form  a  curi¬ 
ously  neglected  state  of  matter,  intermediate 
bet  ween  crystalline  solids  and  “normal”  isotropic 
liquids.  They  are  formed  by  certain  compounds 
with  elongated,  relatively  polar  molecules  whose 
mutual  attraction  tends  to  orient  them  with  their 
long  axes  parallel.  Such  materials  first  melt  to 
an  anisotropic  liquid  in  which  the  molecules  arc 
free  to  move  about  only  so  long  as  they  remain 
parallel  to  one  another-  At  a  higher  temperature 
the  melt  undergoes  a  sharp  transition  to  a  normal 
liquid.  Certain  substances  exist  in  not  one  but  two 
distinct  liquid  crystalline  phases.  These  cm  fusion 
give  first  a  smectic  phase  in  which  the  molecules 
are  not  only  constrained  to  be  parallel,  hut  are 
also  arranged  in  layers;  at  a  higher  temperature 
they  undergo  transition  to  the  nematic  phase  when 
this  extra  constraint  is  lost;  and  then  at  a  still 
higher  temperature,  the  nematic  phase  changes  to 
a  normal  liquid.  Certain  substances  are  even 
claimed  to  exist  in  two  or  more  distinct  smectic 
phases. 

Liquid  crystals  therefore  behave  mechanically 
as  liquids,  but  they  preserve  some  of  the  order  of 
crystalline  solids.  If  a  material  whose  molecules 
are  rod-shaped  is  dissolved  in  a  liquid  crystal,  we 
may  expect  the  solute  molecules  to  be  oriented  par¬ 
allel  to  the  molecules  of  the  solvent.  The  resulting 
geometrical  constraint  should  have  obvious  and 
interesting  physical  and  chenical  consequences, 
and  so  liquid  crystals  should  show  very  unusual 
solvent  properties. 

A  general  type  of  liquid  crystal  is  composed  of 
certain  cholesterol  ester  derivatives  with  eccentric 
molecular  structure.  This  substance  flows  like 
water  but  has  the  optical  properties  of  rigid  crys¬ 
tals.  Through  their  chameleon-like  color  changes, 
liquid  crystals  portray  gradation  of  mechanical 
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stress,  electromagnetic  radiation,  and  chemical 
composition,  as  well  as  temperature.  For  this  rea¬ 
son  they  have  found  a  variety  of  industrial  uses, 
particularly  in  the  testing  of  delicate  space 
instruments. 

In  the  area  of  medicine,  liquid  crystals  are  also 
offering  unexpected,  exciting,  and  imaginative  ap¬ 
plication.  Bizarre  substance*  are  being  tested 
experimentally  and  clinically  for  cancer  detec¬ 
tion  and  analysis,  for  monitoring  the  status  of 
newborn  infants,  and  for  checking  on  the  latency 
of  vascular  grafts. 

As  a  research  tool,  the  prospects  of  liquid  crystals 
are  even  more  sweeping.  They  may  yield  important 
information  on  the  diseases  that  cause  peripheral 
vasamotor  disabilities.  They  could  greatly  mag¬ 
nify  the  efficiency  of  entire  diagnostic  procedures. 
Intimately,  they  may  shed  light  on  the  basic 
mechanics  of  sight  and  other  senses. 

As  liquid  crystals  are  sensitive  to  response  of 
external  electrical  magnetic  fields,  in  addition  to 
having  unique  thermal  and  optical  properties,  they 
have  direct  relevance  to  Air  Force  problems  in  the 
area  of  detection  devices.  For  this  reason,  AFOSR 
supported  the  first  International  Liquid  Crystal 
Conference,  held  at  Kent  State  University, 
Kent,  Ohio,  15-20  August  1065.  This  conference 
was  attended  by  more  than  a  hundred  scientists 
with  varied  backgrounds  from  the  United  States 
and  a  dozen  foreign  countries  to  exchange  views 
on  the  present  knowledge  of  the  liquid  crystalline 
state. 

Another  structure  problem  that  is  intertwined 
with  the  liquid  structure  dilemma  is  that  of  glassy 
materials.  This  subject  has  created  as  much 
controversy  as  that  of  ordinary  liquids.  This 
is  no  doubt  due  to  the  unique  character  of  a  mate¬ 
rial  in  the  glassy  state,  in  that  it  possesses  many  of 
the  mechanical  properties  of  crystalline  solids 
and  yet  structurally  resembles  a  liquid  in  its  ran¬ 
dom  distribution  of  molecules. 

Since  the  liquid  and  glassy  structure  behaviors 
appear  to  have  the  potential  of  throwing  light  on 
each  other  and  because  any  information  on  these 
important  materials  may  be  of  Air  Force  signifi¬ 
cance,  AFOSR  1ms  included  in  its  overall  program 
some  investigations  on  the  fundamental  prop¬ 
erties  of  the  glassy  or  vitreous  state. 

J.  D.  Mackenzie  of  Rensselaer  Polytechnic  is 
studying  the  relationship  between  flow  properties 


and  structure  of  glass-forming  oxide  melts.  He  is 
measuring  the  viscosity  and  compressibility  of 
B,0,  and  binaty  metal  oxide-boron  oxide  melts, 
as  well  as  the  solid  glasses  at  high  pressure*  and 
temperatures.  These  measurements  jiermit  one 
to  evaluate  viscosity  values  hi  constant  volume. 
These  data  are  extremely  valuable,  since  the  con¬ 
tribution  of  thermal  expansion  to  the  flow  process 
can  then  be  separated. 

John  Mackey  and  his  group  at  Mellon  institute 
are  doing  a  study  of  localized  defect  states  in  oxide 
glasses.  They  are  concentrating  on  the  relationship 
of  glass  structure  to  the  structure  of  crystalline 
compounds  in  the  same  region  of  the  phase  dia¬ 
gram,  using  defect  studies  as  a  tool.  In  addition, 
they  are  studying  the  role  of  structural  change* 
in  defect  behavior  due  to  annealing  and  thermal 
and  chemical  factors  and  the  existence  of  phase 
or  composition  boundaries  in  glass  systems  and 
theireffect  upon  electronic  properties. 

Chemical  reactions,  whvth-r  adding  to  knowl¬ 
edge  in  the  laboratory,  to  profit  in  the  chemical 
industries,  or  to  life  and  growth  ;ti  the  human  ImmIv, 
most  often  take  place  in  solution.  Most  of  these 
solutions  contain  water  as  tiieir  prime  solvent. 
Water  occupies  a  unique  place  asa  solvent,  lava  use 
it  is  cheap,  available,  dissolves  so  many  substances, 
and  exists  as  a  liquid  over  our  usual  teiu|»eratiire 
range. 

In  spite  of  being  the  most  familiar  and  the  most 
abundant,  liquid  water  is  an  atypical  liquid  and 
its  structure  has  presented  a  challenge  to  theoreti 
cians  for  decades.  There  is  a  pressing  nets  I  for  a 
structure  model  of  liquid  w  ater  adequate  for  quan¬ 
titative  interpretation  of  its  anomalous  properties, 
such  as  maximum  density  at  4°  the  high 
dielectric  constant,  heat  capacity,  viscosity,  ther¬ 
mal  conductivity,  critical  temperature,  and  the 
differences  from  deuterium  oxide. 

Archimedes  in  his  day  was  aware  that  there  are 
only  four  strictly  regular  polyhedra,  the  tetra¬ 
hedron,  cube,  octahedron  and  icosahedron.  All 
other  (wily bed ra,  stub  as  the  12-sided  dodeca¬ 
hedron,  are  not  strictly  regular.  At  an  interna¬ 
tional  conference  held  appropriately  enough  at 
Athens.  Greece.  G.  A.  .Jeffrey  of  the  University 
of  Pittsburgh  reported  on  the  importance  of  this 
ancient  observation  to  a  jterennial  problem  of  great 
military  and  civilian  importance:  an  adequate 
supply  of  drinkable  water. 
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Fiqcke  6. — A  representation  of  clathrate  hydrate 
obtained  by  X-ray  diffraction. 

Water  forms  a  very  interesting  aeries  of  molec¬ 
ular  compounds  called  clathrate  hydrates,  in 
which  a  cage  structure  made  of  water  molecules  is 
found  to  trap  or  enclose  a  different  species  of  mol¬ 
ecule.  The  association  between  host  and  guest 
molecules  does  not  require  primary  chemical  bind¬ 
ing,  so  that  the  two  types  can  be  separated  at  little 
cost  in  energy.  In  research  supported  by  AFOSR. 
Dr.  Jeffrey  has  demonstrated  that  the  basic  struc¬ 
tural  unit  for  some  SOquartenary  alkyl  ammonium 
and  phosphonium  salt  hydrates  is  the  H.nO  regu¬ 
lar  dodecahedron,  made  up  of  20  water  molecules 
linked  together  by  hydrogen  bonds.  These  results 
tie  in  with  current  work  on  the  structural  theory 
of  liquids  by  J.  D.  Bernal  of  the  University  of 
London,  who  has  suggested  that  structures  of  five¬ 
fold  symmetry  are  quite  important  in  nonperiodic 
arrays,  and  dodecahedra  with  axes  of  fivefold  sym¬ 
metry  may  be  significant  units  in  liquids. 

The  (11,0)  jo  dodecahedron  also  occurs  in  the 
natural  gas  hydrates,  clathrate  compounds  con¬ 
taining  lower  hydrocarbons  as  guest  compounds. 
Because  it  is  a  noncrystallographic  solid  with  reg¬ 
ular  pentagon  faces  on  the  unit  structure,  it  does 
not  form  a  close-packed  crystalline  array.  Struc¬ 
tures  with  this  basic  unit  must  therefore  contain 
nonregular  “holes"  which  are  themselves  poly- 
hedra  with  hexagonal  as  well  as  pentagonal  faces. 


Dooms  of  clathrate  hydrates  are  known.  Some 
involve  the  inert  gases  such  as  fiAr'46H20; 
other  examples  are: 

8  CjH„- 136  HjO  and  6C1,  46H.O. 

Such  compounds  are  generally  crystalline,  can  be 
easily  recrystallized,  and  have  possible  application 
in  purification  processes.  In  fact,  the  propane  hy¬ 
drate  is  the  basis  of  a  water  desalination  procedure. 
Consequently,  this  project  was  transferred  to  the 
Office  of  Saline  Waters. 

In  conclusion  it  can  be  said  that  the  scientific 
understanding  of  liquid  structure  is  trailing  far 
behind  the  knowledge  of  the  gaseous  and  solid 
states.  The  apparent  reason  for  this  lag  is  found 
in  the  fact  that  liquids  do  not  have  either  the 
geometrical  regularity  of  solids  or  the  complete 
randomness  of  gases.  Theoretical  and  experimental 
developments  have  recently  shown  encouraging 
progress  toward  some  understanding  of  the  prob¬ 
lem.  But  it  is  only  through  persistent,  continuous 
effort  on  the  part  of  the  investigators  and  those 
who  are  supporting  the  research,  that  there  will 
be  any  positive  far-reaching  progress  made  on 
understanding  the  complexities  of  liquid  structure. 
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Energy-Matter  Interactions 

I)r.  Alfred  Weibsler 

Research  on  the  problems  of  energy-matter  in¬ 
teractions  is  the  key  to  solving  a  whole  host  of  vital 
Air  Force  problems.  They  include  atmospheric 
reentry  of  aerospace  vehicles,  navigation  by  lasers, 
malfunction  of  systems  and  personnel  due  to  in 
tense  sound  and  vibration,  deterioration  of  struc¬ 
tural  and  circuitry  materials  under  unscreened 
solar  radiation  in  the  upper  atmosphere,  the  hope 
of  squeezing  some  precious  extra  thrust  out  of  the 
hot  exhaust  gases  of  a  jet  engine,  and  many  others. 

Partly  for  this  reason,  many  of  the  chemists  in 
the  world  devote  their  lives  to  this  pivotal  chemi¬ 
cal  research  problem.  Sometimes  the  aim  is  to  con¬ 
trol  undesirable  breakdown  processes.  Other  times, 
it  is  to  create  a  new  plastic  or  rocket  fuel  or  cause 
another  desirable  process  to  occur. 

In  the  past,  thermal  energy  was  just  about  the 
only  type  available  for  changing  one  form  of  mat¬ 
ter  into  another :  The  chemist  would  mix  his  start¬ 
ing  materials,  apply  heat  for  a  period  of  time, 
and  fish  the  wondrous  new  stuff  out  of  the  brew. 
But  recently  chemists  have  diversified  their  arma¬ 
mentarium,  and  now  can  bring  about,  specific 
chemical  transformations  by  injecting  into  mole¬ 
cules  other  forms  of  energy  such  as  ultraviolet, 
gammarays,  and  ultrasonic  waves. 

A  large  fraction  of  the  AFOSR  chemistry  pro¬ 
gram  is  devoted  to  the  rapidly  growing  field  of 
energy-matter  interactions.  A  few  examples  are 
discussed  below,  using  the  researcher’s  own  lan¬ 
guage  in  some  places.  The  purpose  is  not  only  to 
show  the  military  relevance,  but  also  to  convey  the 
excitement  of  life  on  the  scientific  frontier. 

Exposure  in  th*  Uhravfakt 

Fortunately  for  us,  the  most  destructive  com¬ 
ponent  of  the  sun's  rays  (the  far  ultraviolet)  is 
screened  out  by  the  protective  layers  of  the  atmos¬ 
phere.  In  the  aerospace  environment,  however, 
materials  are  subjected  to  merciless  bombardment, 
by  high-energy  short-wave  ultraviolet.  Many  of 
them — especially  the  organic  substances — undergo 
deterioration. 

One  important  effect  of  far  ultraviolet  irradia¬ 
tion  has  been  discovered  by  G.  Oster  of  the  Poly¬ 
technic  Institute  of  Brooklyn;  Plastics  such  as 
mylar  and  saran  lose  their  insulating  properties 


and  become  photoconductors.  Inasmuch  as  mylar 
is  used  as  a  dielectric,  control  systems  in  aerospace 
vehicles  may  thereby  be  compromised.  During  this 
work,  Oster  found  that  the  ultraviolet  rays  also 
cause  discoloration  of  saran,  due  to  a  molecular 
change  of  splitting  out  chlorine. 

A  related  study  by  P.  DeMayoof  the  University’ 
of  Western  Ontario  has  shown  that  exposure  to 
ultraviolet  causes  deep-seated  changes  in  the  mol¬ 
ecules  of  many  organic  materials.  In  some  cases  a 
ring  structure  is  broken  as  in  the  elegant  synthesis 
of  nialeimide  from  pyrrole.  In  other  cases,  such  as 
a  mixture  of  cyclohexene  and  acetylacetone,  a  new 
precursor  is  formed  photochemically, 

Photochemistry  vi.  Radiation  cho mlttry 

Twenty  years  ago  there  was  a  flurry  of  activity 
in  which  both  radiation  chemists  and  photo¬ 
chemists  sought  correlations  among  the  chemical 
results  of  the  two  kinds  of  excitation.  The  initial 
observations  led  to  such  confusion  that  the  at¬ 
tempts  at  correlation  were  abandoned  in  most  lab¬ 
oratories.  During  the  past  year  G.  S.  Hammond 
at  Caltech  and  coworkers  have  obtained  results 
that  seems  to  provide  the  basis  for  a  much  more 
optimistic  outlook.  Essentially  simultaneously, 
similar  reports  have  come  from  a  number  of  other 
laboratories  although,  at  least  momentarily,  the 
Caltech  team  seems  to  have  the  most  extensive 
results. 

Their  approach  has  been  the  use  of  energy 
transfer  as  a  monitor  of  the  kind  of  electronic 
excitation  appearing  in  a  sample  exposed  to 
gamma- irradiation.  They  have  gamma-irradiated 
solutions  of  various  photochemically  reactive  sub¬ 
strates  in  aromatic  solvents  such  as  benzene  and 
toluene.  The  choice  of  solvent  is  important,  be¬ 
cause  efficient  cascade  to  nondissociative  excited 
states  must  occur  if  the  excitation  delivered  is  to 
reat.i  the  same  state  as  is  obtained  by  absorption 
of  ultraviolet  light.  When  the  reactive  sub¬ 
strates  are  isomerizable  olefins  such  as  stilbenes, 
a-methylstiibenes,  a,  /8-dimethylstilbenes,  or  piper- 
ylenes,  the  same  pattern  of  response  is  observed 
as  is  seen  in  photosensitized  cis-trans  isomeriza¬ 
tion.  Tl» is  similarity  in  behavior  suggests  that 
excited  solvent  molecules  decay  to  their  lowest 
triplet  states  and  then  transfer  triplet  excitation 
to  solute  molecules. 

The  use  of  radiation-induced  isomerization  as  a 
means  of  counting  triplet  excitations  immediately 
comes  to  mind.  In  fact,  others  have  used  this 


method,  with  the  2-butenes  as  triplet  counters. 
However  Hammond  finds  that  the  G  values  (yield 
of  molecules  per  100  electron  volts  of  energy  ab¬ 
sorbed)  for  isomerization  are  much  higher 
(around  13)  than  previously  reported.  The  high 
values  occur  at  high-solute  concentrations.  The 
upturn  in  G  values  for  isomerization  at  high- 
substrate  concentrations  resembles  closely  the  rise 
in  G  values  of  seavengeable  radicals  at  high- 
scavenger  concentrations  in  the  radiolysis  of 
aqueous  solutions.  The  results  are  probably  due  to 
bimole'ular  destruction  of  triplets  in  the  region 
of  high-excitation  density  within  radiation  spurs. 

The  radiation-induced  dimerization  of  1,3-cyclo- 
hexadiene  shows  an  additional  startling  feature. 
Dimeric  products  are  formed  with  high  G  values. 
However,  two  sets  of  dimers  are  produced,  those 
formed  in  photosensitized  reactions  and  those  pro¬ 
duced  by  thermal  dimerization  at  high  tempera¬ 
tures.  The  Caltech  workers  have  demonstrated  that 
the  two  sets  have  different  precursors.  Addition  of 
isopropyl  alcohol  selectively  inhibits  formation  of 
the  “thermal”’  dimers  and  addition  of  azulene  (a 
good  triplet  scavenger)  reduces  the  yields  of  both 
sets  but  represses  the  formation  of  the  “photo” 
dimers  most  strongly.  Clearly,  one  type  of  excita¬ 
tion  that  is  conveyed  to  the  solute  molecules  is 
triplet  in  character.  Cross-comparison  with  experi¬ 
ments  in  which  cyclohexadiene  is  irradiated  di¬ 
rectly  indicates  that  the  thermal  dimers  are  not 
formed  from  singlet  excitations.  The  only  other 
attractive  alternatives  are  positive  ions  and  nega¬ 
tive  ions.  Since  carbon  tetrachloride,  a  good  elec¬ 
tron  scavenger,  has  only  a  mild  repressive  effect  on 
dimerization,  they  infer  that  the  active  inter¬ 
mediates  are  not  anion  radicals  derived  from  the 
substrate,  and  by  elimination  are  led  to  prefer  a 
mechanism  in  which  cation  radicals  are  inter¬ 
mediates.  This  is  consistent  with  the  inhibitory 
effect  of  isopropyl  alcohol. 

Increasing  the  concentration  of  cyclohexadiene 
increases  the  yield  of  photo  dimers  much  more 
than  the  yield  of  thermal  dimers;  this  suggests 
that  the  precursors  to  the  thermal  dimers  are  not 
destroyed  by  diffusion-controlled  bimolecular  re¬ 
actions  within  spurs.  Becnuse  the  G  values  for 
dimerization  are  rather  high,  it  seems  that  the 
thermal  products  must  be  produced  by  a  chain  re¬ 
action.  Tentatively,  the  following  overall  mecha¬ 
nism  has  been  formulated. 

These  studies  and  their  interpretation  lend  to 
the  hypothesis  that  the  steps  in  excitation  degrnda- 
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tion,  following  production  of  Compton  electrons, 
do  not  occur  in  a  definite  sequence.  In  the  region 
of  high-excitation  density,  bimolecular  reactions 
between  excitations  may  lead  to  production  of 
high-energy  excitations  from  those  of  lower 
energy. 

Hammond  is  enthusiastic  about  the  prospect  of 
using  chemical  monitoring  as  a  means  of  dissect¬ 
ing  the  mechanism  of  excitation  decay  in  radiation 
chemistry.  The  work  may  have  a  number  of  at¬ 
tractive  applications,  including  development  of 
new  and  effective  methods  for  the  protection  of 
materials  against  radiation  damage.  It  is  also  en¬ 
tirely  possible  that  chemical  means  of  characteri¬ 
zation  of  different  kinds  of  radiation  can  be  based 
upon  linear  pnergy  transfer  effects,  which  may 
have  major  influences  on  the  course  of  induced 
chemical  reactions. 

Sound  Chemistry 

Sound  chemistry  or  “sonochemistry”  is  the 
name  given  to  the  study  of  molecular  disintegra¬ 
tions  caused  by  exposure  to  intense  sound  or  ultra¬ 
sound  waves.  AFOSR  is  supporting  the  research 
of  one  of  the  leaders  in  this  esoteric  field,  Michael 
An  bur  at  the  Weizmunn  Institute  of  Science  in 
Rehovoth,  Israel. 
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For  over  30  years,  it  has  been  known  that  when 
water  is  exposed  to  intense  mechanical  vibrations 
it  breaks  down  to  give  hydrogen,  hydrogen 
peroxide,  and  eventually  oxygen.  Volatile  com¬ 
pounds  dissolved  in  water  may  tie  broken  down, 
too,  under  these  conditions;  and  nonvolatile  sub¬ 
stances,  although  not  broken  down,  may  react 
with  the  decomposition  products  of  water,  namely 
hydrogen  atoms  and  hydroxyl  (OH)  radicals. 
Decomposition  of  water  in  this  way  was  known  to 
depend  on  two  things — the  presence  of  a  perma¬ 
nent  gas  or  some  other  highly  volatile  component 
dissolved  in  the  system,  and  the  occurrence  of 
cavitation. 

Cavitation  is  the  formation  and  collapse  of 
microscopic  bubbles  in  a  liquid  when  it  is  sub¬ 
jected  to  transient  tensile  stresses.  These  hubbies, 
or  cavities,  can  be  seen  in  daily  life  around  the 
pro|>ellers  of  s(>eed  lx>als  or  ocean  liners,  as  well 
as  in  hydroelectric  turbines  and  pumps.  Very  in¬ 
tense  cavitation  can  be  generated  in  liquids  by 
ultrasonic  generators,  of  the  kind  used  in  ultra 
sonic  cleaners  and  cell  disintegrators,  at  frequen¬ 
cies  up  into  the  megacycle  range.  Cavitation,  as 
we  shall  see,  is  a  characteristic'  feature  of  any 
sonochemical  reaction. 

Recently  it  was  shown  by  a  team  consisting  of 
Anbar,  Israel  Pecht,  and  Alfred  Weissler  of 
AFOSR  that  the  phenomenon  of  sonolvsis  can 
be  demonstrated  in  a  variety  of  liquids  other  than 
water.  In  nomiqueons  systems,  sound  waves  not 
only  deconqKisc  the  solvent  itself  but  bring  about 
chemical  reactions  with  dissolved  gas.  as  well  as 
secondary  reactions  with  nonvolatile  substances 
in  solution. 

What,  then  is  the  mechanism  of  sonochemical 
reaction  I  How,  in  other  words,  is  the  mechanical 
energy  of  sound  waves  converted  into  chemical 
energy  i 

Energy  may  be  transferred  to  a  molecule  by 
three  pathways.  First,  mechanical  energy  may  be 
acquired  by  collision  with  another,  fast-moving 
molecule.  If  energetic  enough,  this  process  may 
eventually  transfer  enough  kinetic  energy  into  the 
molecule  to  produce  vibrational  excitation,  leading 
to  cleavage  of  chemical  bonds.  As  the  available 
mechanical  energy  of  molecules  depends  on  tem- 
jierature,  this  is  the  classical,  thermal  method  of 
inducing  chemical  reactions. 

Secondly,  electromagnetic  energy  (in  the  form 
of  photons  of  an  energy  that  is  characteristically 
absorbed  by  a  given  molecule)  can  serve  to  excite 


the  molecule  and,  in  certain  cases,  to  disrupt  it, 
in  which  case  we  S]>eak  of  the  reaction  as  photoly¬ 
sis  and  the  molecules  as  photosensitive. 

In  a  third  process,  the  energy  of  fast-moving 
charged  particles,  such  as  electrons  or  protons, 
may  be  transferred  by  electrical  interaction  with 
the  electrons  of  molecules,  causing  excitation  and 
ionization.  Ionization,  which  implies  the  release 
of  an  electron,  is  itself  a  chemical  reaction;  in  a 
suitable  solvent  the  electron  itself  will  dissolve  as 
a  hydrated  or  solvated  electron.  The  electronic 
excitation  may  then  be  transformed  into  vibra¬ 
tional  excitation,  leading  to  the  breaking  of 
chemical  Ixmds.  This  third  process,  then,  is  the 
mechanism  of  radiolysis  of  molecules  by  fast  elec¬ 
trons  or  other  charged  particles. 

Anbar  has  shown  that  in  the  sonolysis  of  aque¬ 
ous  solutions  there  is  an  absence  of  hydrated 
electrons,  while  photosensitive  materials  in  solu¬ 
tion  show  no  particular  instability.  These  results 
seem  to  exclude  both  the  photolytic  and  the  radio- 
lytic  pathways  in  the  sonochemical  process,  leaving 
us  with  the  first,  the  classical  thermal  pathway, 
to  explain  the  reactions  caused  by  sound. 

It  still  remains  to  explain  how  the  mechanical 
energy  of  an  ultrasonic  wave  (which,  when  ex¬ 
pressed  in  terms  of  pressure,  amounts  merely  to 
a  few  atmospheres)  can  accelerate  individual 
molecules  to  velocities  so  high  that  a  collision  will 
break  a  strong  chemical  bond  like  the  O-H  bond 
in  water.  Kinetic  energy  of  this  order  corresponds 
to  tenqierntures  of  several  thousand  degrees,  or 
pressures  of  many  thousands  of  atmospheres. 

The  clue  can  be  found  in  cavitation — in  the 
microscopic  cavities  formed  throughout  a  liquid 
by  the  action  of  sound  waves.  As  noted  earlier,  no 
sonolysis  is  observed  unless  cavitation  is  also  pres¬ 
ent.  If  a  bubble  containing  some  gas  or  vapor  is 
formed  in  the  liquid  and  is  then  compressed  very 
rapidly,  the  gas  within  it  will  be  heated  to  an 
instantaneous  temp*"  dure  of  thousands  of  de¬ 
grees.  The  hot  gas,  which  will  also  contain  any 
volatile  com  laments  in  the  system,  may  now 
undergo  rapid  chemical  reactions.  Thus  we  can 
see  why  volatile  substances  in  solution  undergo 
extensive  sonolytic  deconqxisition,  while  nonvola¬ 
tile  ones  ( which  will  not  be  present  in  the  cavities) 
are  involved  only  in  secondary  reactions  with  some 
of  the  reactive  products  formed  within  the  cavities. 

Wc  may  now  describe  the  sonochemical  behav¬ 
iour  of  water  in  greater  detail.  Water  is  chosen 
as  ati  example  because  it  is  the  liquid  which  has 


been  studied  most  thoroughly,  but  analogous  be¬ 
haviour  is  to  be  expected  from  any  other  liquid 
undergoing  sonolysis.  Let  us  first  consider  pure 
water  containing  argon,  a  chemically  inert  gas,  in 
solution.  Once  cavitation  has  been  initiated  by 
mechanical  vibrations,  bubbles  begin  to  form  and 
collapse.  The  lifetime  of  each  bubble  is  equal  to 
the  duration  of  a  single  cycle — 10  microseconds  in 
the  case  of  an  ultrasonic  wave  of  100  kilocycle/soc. 
frequency. 

If  we  follow  the  life  cycle  of  one  of  these  bub¬ 
bles,  we  find  that  it  grows  from  an  initial  diameter 
of  a  fraction  of  a  micron  to  a  final  size  a  hundred 
times  larger.  During  this  period  argon,  together 
with  some  water  vapor,  diffuses  into  the  bubble, 
which  initially  was  a  vacuum.  By  the  time  the 
expansion  half-cycle  is  over,  the  bubble  has  grown 
to  its  maximum  size  while  building  up  some  in¬ 
ternal  pressure  of  gas. 

During  the  second  half-cycle  compression  takes 
place,  and  as  the  time  interval  is  so  short  the 
buildup  of  pressure,  which  may  amount  to 
thousands  of  atmospheres,  is  accompanied  by  a 
precipitous  rise  in  temjierahire.  The  time  of  com¬ 
pression  is  much  too  brief  to  allow  dissipation  of 
the  excess  heat. 

At  such  high  temperatures  the  water  vapor  in¬ 
side  the  bubble  heats  up  to  such  an  extent  that  it 
partially  decomposes  to  hydrogen  and  oxygen 
atoms,  as  well  as  to  Oil  radicals.  Most  of  these 
fragments  recombine  rapidly  to  give  water,  molec¬ 
ular  hydrogen,  hydrogen  |>eroxide  and  molecular 
oxygen.  Som«.  of  the  hydrogen  and  OH  fragments 
do  not  manage  to  recombine  before  the  cavity 
reaches  the  point  of  collapse  and  are  therefore 
released  into  the  bulk  of  the  liquid. 

These  fragments  are  extremely  reactive,  and 
they  will  react  rapidly  with  any  substance  in  solu¬ 
tion.  organic  or  inorganic,  that  is  capable  of 
oxidat'on.  Thus  one  may  oxidize  formate  ions 
(HOGO-)  to  carbon  dioxide,  ferrous  to  ferric  iron, 
or  cuprous  to  cupric  copper:  or  one  may  disrupt 
amino  acids  or  hvd roxylate  aromatic  compounds. 

If  now  the  water  is  first  saturated  with  a  reac¬ 
tive  gas  or  volatile  coiui>ound,  lie  fore  sonolysis, 
this  will  participate  in  the  high-temperature  reac¬ 
tions  taking  place  with  the  cavities.  Thus  oxygen 
will  produce  HO,  radicals  and  ozone  molecules; 
nitrogen  will  yield  NO,  NO*  and  NOH  radicals, 
which  lead  in  turn  to  nitrogen  fixation  in  the  form 
of  nitrites  and  nitrates;  cariwm  dioxide  will  yield 
formate  ions;  and  so  on.  Volatile  organic  com¬ 


pounds  undergo  complete  fragmentation  under 
the  same  conditions;  tints  methanol  may  yield  hy¬ 
drogen,  carlton  monoxide  and  carbon  dioxide,  as 
well  as  methane  and  ethane. 

We  may  thus  picture  a  sonolysed  liquid  as  a 
heterogeneous  system  wherein  small  centers  of 
very  high  temjierature  exist  in  transient  gas  bub¬ 
bles  dispersed  in  a  liquid  medium.  Ordinarily,  the 
primary  chemical  process^  take  place  only  in  the 
gas,  and  are  therefore  of  a  transient  nature; 
whereas  slower  secondary  reactions  may  eventu¬ 
ally  follow  in  the  liquid. 

There  is,  however,  a  specific  ease  where  sono- 
chemical  processes  take  place  directly  in  the  bulk 
of  the  liquid.  It  is  in  the  degradation  of  high 
polymers,  which  are  split  up  into  polymers  of 
lower  molecular  weight  by  ultrasonic  action — 
most  probably  by  the  direct  mechanical  stresses 
of  the  violent  implosions  that  occur  when  the 
cavities  eventually  collapse. 

When  sonolysis  is  carried  out  on  a  small  labor¬ 
atory  scale,  with  an  ultrasonic  power  input  in  the 
range  of  100  watts  into  a  volume  of  roughly  100 
ml.,  the  chemical  yield  of  the  various  products  is 
rather  small,  of  the  order  of  millimoles  per  liter 
per  minute.  Thus,  the  efficiency  of  conversion  from 
mechanical  to  chemical  energy  is  quite  low.  Al¬ 
though  this  poor  efficiency  may  lie  discouraging 
from  a  practical  standpoint  as  a  means  of  synthe¬ 
sis,  sonocheniistry  nevertheless  has  far-reaching 
implications. 

The  outstanding  feature  of  sonochemical  proc¬ 
esses  is  the  occurrence  of  chemical  reactions  at 
extremely  high  temperature  in  a  gas  phase  that 
remains  within  a  liquid  environment  at  ordinary 
temperatures.  The  combination  of  high-tempera¬ 
ture  shock  waves  with  free  radical  chemistry  in 
solution — each  a  method  of  synthesis  in  its  own 
right — has  no  equivalent  in  the  world  of  chemistry. 
Moreover,  the  extremely  short  interval  between 
the  sharp  rise  in  temperature  inside  the  cavity  and 
its  total  collapse  provides  a  remarkably  effective 
means  of  trapping  or  “freezing"  a  substantial  part 
of  the  transient  products  of  the  hot  gas  in  the  much 
colder  liquid. 

These  conditions,  which  are  not  available  to  the 
chemist  in  ordinary  circumstances,  lead  to  un¬ 
usual  results.  The  oxidation  of  molecular  nitrogen 
by  water  is  an  outstanding  example  of  a  reaction 
which  is  a  feasible  sonochemical  process  but  which 
has  never  been  demonstrated  under  ordinary 
thermal  or  even  radialytic  process  conditions.  This 
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is,  in  fact,  a  case  of  a  reaction  that  is  thermody¬ 
namically  impossible  at  room  temperature,  but  is 
made  possible  by  the  rapid  freezing  of  a  system 
that  is  at  equilibrium  at  a  temperature  around 
6,000°  C.  Sonochemistry  is  by  no  means  just  a 
chemical  process  in  n  system  heated  by  a  trans¬ 
ducer  instead  of  a  bunscn  burner. 

What,  then,  is  the  importance  of  the  current  re¬ 
search  on  sonochemiotry  <  It  might  well  be  said 
that  an  understanding  of  sonochemistry  is  the 
key  to  the  understanding  of  numerous  chemical 
changes  which  take  place  around  us  in  everyday 
life.  Sonochemistry  is  indeed  a  common  phenom¬ 
enon,  not  a  laboratory  curiosity.  The  conversion 
of  mechanical  into  chemical  energy,  although 
rather  inefficient,  is  much  more  commonplace  than 
are,  say,  radiolytic  processes. 

There  are  many  instances  where  mechanical  agi¬ 
tation  of  a  medium  induces  cavitation.  Outstand¬ 
ing  examples  are  provided  by  sea  waves  and 
waterfalls  which,  it  has  recently  l>een  suggested, 
are  responsible  for  nitrogen  fixation — a  matter  of 
great  significance  for  life  in  the  oceans  and  rivers. 
Ft  appears  that  a  substantial  fraction  of  atmos¬ 
pheric  nitrogen  undergoes  fixation  by  sonochemi- 
cal  processes  in  addition  to  the  classical  methods 
of  bacterial  fixation.  A  significant  portion  of  the 
hydrogen  peroxide  found  in  natural  waters  may 
also  be  oi  sonochemical  origin. 

Another  commonplace  example  of  sonochemis¬ 
try  at  work  can  be  found  in  the  intense  corrosion 
and  erosion  caused  by  cavitation  on  the  propellers 
of  ships.  Furthermore,  the  sonolysis  of  pure  or¬ 
ganic  liquids  indicates  that  hydraulic  and  lubri¬ 
cating  fluids  which  are  subjected  to  intense  me¬ 
chanical  vibration,  may  be  broken  down.  Indeed, 
sometimes  sonolysis  may  be  the  major  factor  in 
the  deterioration  of  these  fluids,  a  subject  of  con¬ 
siderable  importance  to  the  Air  Force.  Although 
the  mechanocheminil  conversion  efficiency  is  low, 
enormous  amounts  of  mechanical  energy  are  in¬ 
volved  over  tlie  long  period  of  service  of  such 
fluids. 

In  the  case  of  fluids  which  are  inherently  highly 
unstable,  such  as  liquid  explosives,  sonolysis  in¬ 
duced  by  mechanical  agitation  may  contribute  sub¬ 
stantial  amounts  of  free  radicals,  which  in  turn 
may  act  as  chain  initiators  and  thus  lead  to  ex¬ 
plosion.  The  invention  of  dynamite  by  Alfred 
Xobel  was  a  way  of  avoiding  the  disastrous  con¬ 
sequences  of  sonolysis  in  nitroglycerin,  by  absorb¬ 
ing  it  in  a  solid  medium. 


Most  of  the  examples  given  above  tend  to  show 
sonolysis  in  destructive  roles.  But  it  has  interesting 
possibilities  as  a  means  of  synthesis.  For  example, 
sonolytically  induced  polymerization  may,  in  cer¬ 
tain  cases,  compete  with  chemically  induced 
processes.  A  second  example  is  the  production  of 
halogen  atoms  from  pure  halocarbons  and  their  use 
in  inorganic  synthesisof  special  anhydrous  halides. 
It  seems  very  likely,  too,  that  sonochemistry  will 
provide  us  with  means  of  making  hitherto  un¬ 
known  inorganic  compounds. 

We  have  seen  that  mechanically  induced  chem¬ 
ical  reactions  may  take  place  in  liquids  under  con¬ 
ditions  which  have  never  been  suspected.  Who 
would  expect  nitric  acid  to  be  formed  in  air- 
saturated  tap  water  when  flowing  rapidly  through 
a  pipe  system?  Although  the  concentrations  of 
nitric  acid  formed  in  such  a  continuously  flowing 
system  are  generally  far  below  the  sensitivity  of 
existing  analytical  methods,  we  can  be  confident 
that  nitric  acid  and  hydrogen  peroxide  will  indeed 
be  produced  whenever  cavitation  takes  place  in  air- 
saturated  water.  Sonochemistry  is  in  fact  as  old  as 
the  waves  of  the  ocean  and  it  is  hard  to  understand 
why  so  little  attention  has  been  paid  to  this  extra¬ 
ordinary  chemical  effect. 


The  upsurge  of  interest  in  organometallic  chem¬ 
istry  in  the  past  10  to  15  years  has  attracted  many 
of  the  leading  young  research  chemists  in  this 
country  and  abroad.  The  discovery  of  the  highly 
stable  ferrocene  system  (an  iron  atom  “sand¬ 
wiched”  between  two  cyclopentad  iene  rings)  in 
1951  initiated  intense  research  activity  in  transi¬ 
tion  metal  organic  chemistry.  Extensive  worldwide 
efforts  in  the  area  of  catalytic  applications  of 
organometallic  compounds  followed  the  discov¬ 
eries  by  Karl  Ziegler  in  Germany  and  Giulio  Natta 
in  Italy  that  olefins  could  be  polymerized  in  a 
siereospecifie  manner  using  organometallic  eata 
Ivsts.  These  developments  together  with  the  con¬ 
tinued  interest  in  the  versatility  of  organosilicon 
conqwunds  stimulated  much  of  the  inquiry  by 
research  scientists  into  the  chemical  character, 
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structure  and  reactivity  of  the  organometallic 
system  of  compounds. 

The  Air  Force  has  a  stake  in  this  increased  re¬ 
search  into  organometallic  chemistry.  f'oni|xmmls 
with  metal  to  carbon  bonds  are  important  not  only 
as  reaction  intermediates  in  the  synthesis  of  new 
polynieric  materials,  which  will  withstand  the 
extremes  of  temperature,  pressure  and  radiation 
of  the  aerospace  environment,  but  also  as  laser 
materials,  lubricants,  semiconductors  ntid  high 
energy  propellant  ingredients.  Improved  theories 
of  carbon  to  metal  bonding  are  vital  to  the  selection 
of  stronger  adhesives  for  metal-to-metal  bonding 
in  the  building  of  riupersonic  aircraft  and  missiles, 
There  are  many  other  perhaps  less  obvious,  but 
still  significantly  important  Air  Force  applications 
to  which  basic  research  in  organometallic  chem¬ 
istry  is  highly  pertinent.  Recognising  the  need  for 
and  significance  of  research  in  this  area,  AFOSR 
has  encouraged  and  sup|»orted  research  by  a  num¬ 
ber  of  organic,  inorganic  and  physical  chemists 
who  have  sought  to  uncover  the  mysteries  of  this 
rapid ily  emerging  field  of  chemistry. 

Historically  speaking,  compounds  with  metal  -to- 
oarlxm  bonds  have  been  known  for  mote  than  a 
century.  In  1849,  Edward  Frankland  set  out  to 
prepare  the  free  ethyl  radical,  C\H  ,  using  zinc  to 
remove  iodine  from  ethyl  iodide,  hut  obtained  in¬ 
stead  diethyl  zinc  in  the  first  recorded  synthesis  of 
an  organometallic  conqtound.  A  few  years  later,  in 
1863,  Friedel  and  Crafts  rejtorted  the  preparation 
of  tetraethvlsilane,  the  first  organosilicon  com¬ 
pound.  By  the  turn  of  the  century  a  few  more 
organometnllics  were  synthesized.  In  1938,  in  his 
first  volume  of  "Organic  Chemistry.  An  Advanced 
Treatise, r  Henry  Oilman  summarized  the  then 
existing  knowledge  alwut  organometallic  chem¬ 
istry  in  less  than  90  pages.  In  contrast,  it  took  300 
pages  to  cover  some  of  the  highlights  of  research 
published  in  19frt,  in  volume  I  of  “Annual  Surveys 
of  Organometallic  Chemistry”  written  by  Dietmar 
Seyferth  of  MIT  and  R.  Bruce  King  of  Mellon 
Institute  (both  are  currently  AFOSR  research 
investigators).  Seyferth  is  also  editor  of  ’‘The 
Journal  of  Organometallic  Chemistry,”  a  monthly 
publication  of  current  research  results.  Two  other 
AFOSR  investigators,  F.  G,  A.  Stone  of  Bristol 
University  and  Robert  West  of  University  of 
Wisconsin,  are  coeditors  of  “Advances  in  Organo- 
metallic  Chemistry”  of  which  the  first  two  volumes 
were  published  in  1964.  These  emerging  publica¬ 
tions,  together  with  the  several  international  sym- 
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|xmift  during  the  past  year  devoted  to  this  area  of 
chemistry,  are  an  indication  of  the  research  inter¬ 
est  in  organometallic  chemistry. 

A  great  deal  of  effort  has  gone  into  the  chemistry 
of  organosilicon  compounds.  Although  silicon 
is  a  metalloid  { intermediate  lad  ween  a  metal 
and  nonmetal),  orgat,osdi<-on  compounds  are 
usually  included  in  discussions  of  organometul- 
lie  chemistry.  Silicon  sulistunces  have  achieved 
commercial  importance  as  (tolysiloxane  fluids, 
lubricants,  rubbers  and  resins.  During  the  |wst 
few  years,  with  AFOSR  support.  Roliert  West 
at  the  University  of  Wisconsin  has  made  note¬ 
worthy  contributions  to  this  area  of  chemistry. 
Ore  of  his  research  accomplishments  was  the 
synthesis  and  characterization  of  the  remark¬ 
ably  stable  azidotriphenylsilane,  ((\H,)1SiX;l. 
Although  azide  compounds,  particularly  those 
used  as  initiators  and  explosives,  are  generally 
sensitive  to  heat  and  shock,  this  azide  derivative 
only  partially  decomjiosed  when  heated  to  over 
i!tCe  C.  West  attributes  this  stability  to  a  particu¬ 
lar  type  of  bonding  (dative  pi  bonding)  between 
the  nitrogen  and  silicon  atoms,  made  possible  by 
contributions  of  electrons  in  the  /i  orbitals  of 
silicon.  Subsequently.  West,  as  well  as  another 
AFOSR  investigator.  Grant  Urry  at  Purdue 
University,  prepn.ed  the  azidotrimethylsilane 
<CIIa)3SiX,'  and  other  researchers  Stave  since 
rejtorted  the  synthesis  of  nolyazidosilanes.  Azide 
coni|»our.ds,  which  contain  high  jiercenlages  of 
nitrogen  and  can  lie  handled  safely,  are  of  interest 
as  gas  generators  since  they  produce  nitrogen  gas 
on  decomposition. 

West  and  his  coworkers  at  the  University  of 
Wisconsin  have  prepared  and  characterized 
CM,i,,  the  first  organic  [lerlilliium  compound  which 
they  have  named  "perlithiopropyne”.  The  corn- 
INUtnd,  a  red-brown  solid,  is  prepared  from  methyl - 
acetylene  and  n-buiyllithium.  C,Li,  has  potential 
application  as  a  catalyst  for  polymerization  of 
diolefins  to  make  synthetic  rubbers  and  as  an 
intermediate  in  the  synthesis  of  a  variety  .of  organic 
com  jam  >  ids  through  substitution  of  t!u>  lithium 
atoms  on  the  molecule,  One  reaction  which  hf.s 
lieen  successfully  carried  out  is  the  following: 

Si(CHi), 

\  / 

CjLU  +  4(Cn,)iStCI  - -  C =1 

(cu.)iat  N6,(cni}> 

It  is  hoped  that  <  J,i,  is  the  first  of  a  family  of 
completely  lithiafed  hydrocarbons.  Further  work 
in  this  area  of  research  is  actively  being  pursued . 


In  at  ill  another  phase  of  the  AFOSR-sponsored 
research  at  the  I'niversity  of  Wisconsin,  the  first 
[tentacoordinate  species  of  silicon  (five  groups 
of  atoms  bonded  to  each  silicon  atom)  bonded  to 
three  organic  groiqw  was  prepared.  The  triphenyl 
(bipyridyl)siliconium  ion  formed  (see  fig.  8) 
might  be  considered  as  being  analogous  to  the 
important  rarboniunt,  R,(1*  in  organic  chemistry. 
This  pentacoordinate  silicon  ium  species  should  be 
useful  in  the  synthesis  of  novel  organosilicon 
compounds. 

In  another  AFOSR-sponsored  project  on  organ¬ 
osilicon  chemistry,  Malcolm  Kenney  at  Case 
Institute  of  Technology  discovered  a  new  series 
of  phthalocyaninosiloxane  polymers  in  which 
there  are  six  chemical  bonds  to  the  silicon  atom. 
These  hexacoordinate  compounds  have  silicon 
bonded  to  four  planar  ring  nitrogens  in  the  center 
of  a  phtalocyanino  ring,  and  two  oxygens,  one  on 
either  side  and  perpendicular  to  the  ring. 

The  Si-O-Si  backbone  is  bnried  in  the  center  of 
the  phthalocyanino  ring  and  is  well  protected  from 
attack  thus  accounting  for  the  high  stability  of 
this  unique  polymeric  material.  It  is  not  attacked 
when  treated  with  concentrated  sulfuric  acid  and 
it  doesn't  decompose  at  5^0°  ('.  in  a  vacuum.  I)r, 
Kenney  has  prepared  similar  compounds  in  which 
aluminum  as  well  as  silicon  are  both  incor|>«rHted 
into  the  same  polymeric  st  met  tire.  T'se  is  now  l«eing 
made  of  this  research  by  the  Aerospace  Group  of 
General  Precision,  Inc.,  in  an  effort  directed  toward 
the  development  of  practical  high-temperature 
polymers  for  the  Bureau  of  Ships  under  a  I'.S. 
N’avy  contract. 

Organometallic  chemical  research  by  Diet  mar 
Seyferth  at  Massachusetts  Institute  of  Tech- 
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Fiores  8. — T riphenyl  ( bipyridyl )  tiliecmium  ion. 


Figure  0. — Unit  of  phthaJocyamno*H*>xnne. 
polymer. 


nology  has  resulted  in  the  generation  of  difluro- 
carbene,  CF5,  under  the  mildest  condit  ions  reported 
thus  far.  The  generated  C'F-  reacts  in  the  presence 
of  olefins  to  form  p'em-difluorocyclopropanes  in 
very  good  yield.  ( The  gem  -difluoro  refers  to  the  at¬ 
tachment  of  both  fluorines  to  the  same  carbon 
atom).  MIT  researchers  are  studying  the  chemistry 
of  the  “extrusion  reaction"  which  involves  the  de¬ 
composition  of  organometallic  compounds  contain¬ 
ing  halogenatcd  organic  subst  ituents  in  which  the 
organic  portion  separating  a  metal  atom  and  a 
halogen  is  extruded  either  thermally  or  photo- 
chemically.  For  example,  in  the  formation  of  CFa, 
trimetliyl(trifluoromethrl)  tin  (I)  decomposes  at 
80°  (\  and  OF;  reacts  wi.ii  the  olefin  in  the  reaction 
mixture  to  form  a  gem-difluorocyclopropane. 


(CH,)i8nCFi  +  Nal  +  c»c 


X 

r-HiSnl  +C— 

/  X 


cr. 


— C  +  N»F 
/  \ 


Sodium  iodide  serves  to  release  CF,  in  the  reaction. 
The  yields  of  product  exceeded  70  percent  with  the 
olefins  tried.  Similar  reactions  tried  with  organo- 
mercurinls,  such  as  CsHsHgC013,  and  olefins  at  80° 
0.  gave  dichlorocyclopropane  derivatives  in  yields 
of  more  than  00  percent. 

The  reactions  carried  out  by  the  MIT  group 
were  done  in  a  nonhasic  medium.  This  is  particu¬ 
larly  significant  since  basic  conditions  (or  higher 
temperatures)  are  generally  used  in  the  generation 
of  halocarbenes.  However,  many  organic  and  in¬ 
organic  reactants  and  reaction  products  are  not 
stable  to  basic  conditions.  Hence  the  organo¬ 
metallic  dec»m{*viitioti  leading  to  these  reactive 
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species  have  important  advantages  and  should 
prove  valuable  in  the  synthesis  of  new  materials, 
especially  in  the  preparation  of  gem- difluoro 
derivatives.  The  mild  conditions  for  reaction 
could  find  useful  Air  Force  application  in  the 
dihalomethylation  of  residual  olefinic  bonds  in 
polymers  fo  increase  their  thermal  stability. 

At  Pennsylvania  State  University  Philip  Skell 
and  his  coworkers  have  devised  methods  of  selec¬ 
tively  producing  monoatomic  and  triatomic  car¬ 
bon,  Ci  and  Ci,  In  ;!.<=  ground  and  excited  states 
and  reacted  these  various  forms  of  carbon  with 
organic  molecules  such  as  olefins  and  alcohols. 
This  research  has  suggested  to  Skell  that  other 
molecular  and  atomic  metastable  states  could  be 
produced  by  low-energy'  electron  bombardment 
and  that  the  chemical  properties  of  these  sub¬ 
stances  could  be  studied  by  the  techniques  em¬ 
ployed  for  carbon.  In  the  carbon  research  the 
carbon  was  vaporized  into  an  arc  plasma  in  high 
vacuum  and  the  labile  species  of  carbon  were 
trapped  on  the  walls  of  the  reaction  vessel  at 
liquid  nitrogen  temperatures.  The  C,  or  C3  gener¬ 
ated  in  this  manner  was  then  reacted  with  an 
olefin  (or  alcohol),  and  the  stereochemical  char¬ 
acter  of  the  products  indicated  the  triplet  or  sing¬ 
let  state  of  the  reactant  carbon.  Experiments  with 
nickel  and  silicon  indicate  the  feasibility  of  ex¬ 
tending  to  oilier  atomic  species  the  experimental 
techniques  which  were  successful  in  studying  car¬ 
bon  vapor.  Atomic  silicon  has  been  treated  with 
trimethylsilane  to  givp  a  preliminary  indication 
that  the  expected  hexamethyltrisilane,  (CH,),Si- 
SiH2-$i(CHi)j,  is  one  of  the  reaction  products. 
The  reactions  with  atomic  nickel  appear  equally 
encouraging.  The  research  is  continuing  and  Skell 
hopes  to  study  the  chemical  character  and  reac¬ 
tivity  of  the  atomic  species  of  several  other  metal¬ 
lic  elements. 

At  the  University  of  Pennsylvania  Alan  Mac- 
Diarmid  is  applying  high  pressures  to  the  syn¬ 
thesis  of  new  organometallic  and  inorganic 
compounds.  Among  his  recent  developments  h<.s 
leg'll  a  new  noncatalyt ic  method  for  the  prepa¬ 
ration  of  IISiFj,  a  useful  intermediate  for  the 
synthesis  of  organometallics.  Using  pressures  in 
the  45  atmosphere  range,  a  purer  and  stabler 
HSiFa  can  now  be  prepared,  since  the  product  is 
no  longer  contaminated  by  SbCl,,  catalyst,  which 
was  used  in  a  previous  synthesis.  The  HSiF,  has 
been  used  by  MaeDiarmid  to  synthesize  the  first 


example  of  a  hydrofluorosilicate  which  is  surpris¬ 
ingly  stable  thermally. 

These  are  only  a  few  examples  of  the  many 
accomplishments  under  the  organometallic  re¬ 
search  program  sponsored  by  the  directorate  of 
chemical  sciences.  In  a  broader  coverage  of  the 
subject  one  would  include  the  research  and  accom¬ 
plishments  of  Bruce  King,  formerly  at  the  Mellon 
Institute,  and  now  at  the  University  of  Georgia, 
who  has  developed  an  international  reputation  as 
a  researcher  who  can  synthesize  novel  complex 
organometaliic  systems  when  others  have  tried  and 
failed.  Larry  Dahl  at  the  University  of  Wiscon¬ 
sin  has  done  extensive  work  on  structure  identifica¬ 
tion  of  organometallic  systems.  Glenn  Crosby's 
researches  at  the  University  of  New  Mexico  on 
rare  earth  and  transition  metal  chelates  have  been 
referenced  on  numerous  occasions  by  scientists 
working  on  lasers:  scientists  at  the  Air  Force 
Rome  Air  Development  Center  are  interested  in 
Crosby's  work  and  have  contributed  to  AFOSR's 
support  of  his  research  program.  Also,  the  Air 
Force  Avionics  Laboratory  has  worked  out  an 
agreement  with  Crosby  to  test  some  of  his  laser 
materials  which  are  of  interest  to  the  Avionics 
Laboratory.  Norman  Greenwood  at  the  University 
of  Newcastle  and  F.  G.  A.  Stone  at  the  University 
of  Bristol  are  contributing  significantly  in  their 
synthesis  and  mechanism  studies  of  organometallic 
compounds.  Several  others,  too  numerous  to  men¬ 
tion  in  this  report,  nre  doing  important  and  useful 
organometallic  research  in  solution  coordination 
chemistry,  organoboron  chemistry,  etc.  Concur¬ 
rently  with  the  AFOSR-supported  research 
program  in  organometallic  chemistry,  it  seem  >  ap¬ 
propriate  to  mention  that  significant  research  on 
metal  chelates  and  organosilieon  chemistry  is  being 
carried  on  at  the  OAR  Aerospace  Research  Labor¬ 
atories  at  Wright ■  Patterson  AFB. 

The  Air  Force  with  its  encouragement  of  highly 
knowledgeable  research  investigators  has  played 
an  important  role  in  the  rapidly  increasing  store 
of  knowledge  about  the  chemistry  of  organometal¬ 
lic  compounds.  The  benefits  to  the  Air  Force  are 
many.  Some  of  the  research  is  already  playing  its 
proper  role  in  technological  developments.  But 
even  more  important  the  AFOSR-supported  re¬ 
search  will  have  an  important  bearing  on  the  solu¬ 
tion  of  Air  Force  problems  of  the  future.  For  it  is 
from  the  systematic  basic  approach  to  the  under¬ 
standing  of  chemical  systems,  sueh  as  the  organo- 


metallies,  that  important  technological  break¬ 
throughs  evolve. 


Rapid  Scan  Infrared  Spectroscopy 

Dr.  William  L.  Rricii 


AFGSR  has  from  its  inception  supported  work 
in  the  area  of  chemical  spectroscopy,  one  of  the 
most  powerful  tools  available  to  elucidate  the 
structure  of  molecules.  Very  soon  after  the  forma¬ 
tion  of  the  directorate  of  chemical  sciences,  sup¬ 
port  was  given  to  such  investigators  as  Kasha  and 
Crosby  at  the  University  of  Florida:  Simpson, 
Cross,  and  Eggers  at  the  University  of  Washing¬ 
ton;  Hester  at  the  Mellon  Institute;  Dows  at 
UCLA,  and  Pimentel  of  the  University  of  Cali¬ 
fornia  at  Berkeley.  Pimentel  wished  to  study  the 
spectra  of  molecules,  particularly  those  which 
could  be  dissociated  by  ultraviolet  flash  photolysis 
to  give  ionized  or  excited  atoms.  Pimentel  was  one 
of  the  first  investigators  to  use  the  technique  of 
“matrix  isolation.’’  In  this  technique  the  active 
molecules  were  frozen  out  in  a  matrix  of  intensely 
cold,  solid,  rare  gas  such  as  x'mon. 

Even  using  the  technique  of  matrix  isolation 
many  reactive  species  decayed  before  an  infrared 
spectrum  could  be  obtained.  The  “free  radicals’’ 
isolated  on  the  matrix  were  of  interest  to  the  Air 
Force  which  at  that  time  was  supporting  a  large 
“free  radical”  project  hoping  to  get  more  active 
species  for  propulsion. 

To  study  better  the  infrared  spectra  of  these 
species,  Pimentel  began  to  investigate  the  pos¬ 
sibility  of  a  “rapid  scan’’  infrared  spectroscope. 
After  several  years  he  achieved  a  breakthrough  in 
this  area  by  ultilizing  the  principal  of  a  rotating 
Littrow  mirror.  This  enabled  Pimentel  to  study 
not  only  the  comparatively  slow  reactions  in  the 
matrix  but  also  the  infrared  spectra  of  explosive 
reactions. 

Pimentel,  studying  the  flash  photoysis  of  methyl 
iodide,  noticed  “spikes”  in  the  infrared  spectra. 
These  he  reasoned  were  due  to  the  formation  of  a 
population  of  active  iodine  atoms  from  the  dis¬ 
sociation  of  methyl  iodide.  Thus  in  an  article  on 
“Atomic  Photo-Dissociation  Laser,"  by  Kasper 
and  Pimentel,  “Applied  Physics  Letters,”  5,  231 
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(1964),  they  explain  the  lasing  affect,  by  showing 
that  the  energy  from  the  reaction  came  from  an 
intense  high-energy  xenon  flash.  The  excited 
methyl-iodide  molecules  dissociated  with  bond 
rupture,  and  the  resulting  excited  atomic  iodine 
atoms  in  the  *P,/S  state  were  produced  in  sufficient 
excess  over  those  in  the  ;  ground  state  to  per¬ 
mit  stimulated  emission  or  actual  coherent  laser 
light  when  reacted  in  a  suitable  laser  cavity. 

Pimentel  and  his  associates  have  uncovered 
evidence  of  laser  emission  in  the  photolysis  of  six 
other  alkyl  iodides.  The  pricipie  of  a  "pbotodis- 
socialion  laser”  is  that  stimulated  emission  occurs 
as  the  result  of  bond  rupture,  although  the  initial 
energy  from  the  photoflash  is  utilized  to  supply 
the  energy  for  the  excited  inverted  population  and 
the  resulting  burst  of  coherent  stimulated  emis¬ 
sion.  In  other  words,  the  excited  molecule  of 
methyl  iodide  acts  as  a  temporary  reservoir  for  the 
flash  energy,  and  the  dynamics  of  bond  rupture 
determine  the  population  inversion. 

The  methyl  iodide  photolysis  was  then  made  to 
actually  lase  in  a  conventional  laser  cavity. 

The  explosive  reaction  of  hydrogen  and  chlorine 
to  form  HC1  was  also  found  capable  of  lasing.  In 
the  case  of  the  hydrogen-chlorine  reaction,  the 
energy  is  essentially  derived  from  the  heat  of  the 
chemical  reaction  itself  and  not  the  flash. 

The  two  chemical  lasers  discovered  by  Pimentel 
resulted  from  the  use  of  a  new  iool  or  instrument 
he  and  his  colleague,  K.  C.  Herr,  developed.  This 
instrument  is  the  rapid-scanning  infrared  spectro¬ 
photometer  const ructed  by  Pimentel  with  AFOSR 
funds.  The  heart  of  *he  instrument  is  an  extremely 
sensitive,  ultrafast-response,  zinc-doped,  germa¬ 
nium  detector  and  a  highspeed  (10,000  r.p.m.) 
rotating  Littrow  mirror.  These  elements,  combined 
with  a  conventional  Perkin-Elmer  spectrograph 
and  an  oscilloscope  display  tube  have  achieved  scan 
rates  of  1,000  cm'1  per  100  microseconds  through 
the  region  5,000-650  cnr1. 

The  spectrophotometer  makes  possible  for  the 
first  time  infrared  studies  of  extremely  fast  reac¬ 
tions  occurring  after  flash  photolysis,  hitherto 
studied  only  in  the  ultraviolet,  visible,  and  near- 
infrared  due  to  limitations  of  the  photographic 
plate.  The  fastest  previously  described  infrared 
sjioctrometers  either  scanned  an  equivalent  region 
at  a  rate  100  times  slower,  of  a  narrow  region  of 
30  to  40  cnr1  in  a  comparable  time. 

This  instrument  has  successfully  demonstrated 
its  applicability  to  rapid-scan  infrared  spectros- 
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copy  in  Audits  of  transient  phenomena  Both  the 
identification  of  short-lived  chemical  intermedi¬ 
ates,  produced  photolyticslly,  and  the  kinetic  Audy 
of  systems  reacting  on  a  microsecond  time  scale 
have  been  Audied.  Preliminary  emission  spectra 
give  promise  of  chemiluminescence  scans  prior  to 
equilibration  of  vibrational  degrees  of  freedom. 
A  variety  of  other  possibilities  suggest  themselves, 
such  as  the  investigation  of  transient  species  pro¬ 
duced  by  the  fast  mixing  of  reactants,  by  shock 
wares,  and  by  flash  heating  technique*.  Currently, 
important  problems  of  infcermolecular  energy 
and  intramolecular  energy  transfer  can  also  be 
sttacked  by  this  new  technique. 

The  most  spectacular  effort  to  which  the  rapid¬ 
scanning  infrared  spectrophotometer  has  been  ap¬ 
plied  is  the  discovery  of  the  chemical  lasers  already 
discussed.  The  use  of  this  tool  in  surveying  chemi¬ 
cal  reactions  for  their  laser  potentialities  depends 
upon  suddenly  developing  s  peak  under  certain 
conditions  where  coherent  light  emission  occurs. 


After  Aimulated  emission  is  indicated,  the  reac¬ 
tion  can  be  made  to  take  place  in  a  suitable  laser 
cavity,  and  true  coherent  laser  emission  obtained. 

Tlwt  advantage  of  an  efficient  chemical  laser  to 
the  Air  Force  is  obvious.  It  frees  the  airborne  or 
spaeebomc  from  the  tremendous  weight  penalty 
necessary  to  utilize  ordinary  flash-activated  lasers. 
Electrical  flash-operated  lasers  need  ponderous 
banks  of  condensers  and  heavy  electrical  generat¬ 
ing  systems  necessary  to  supply  the  flash  energy. 
Now  that  the  chemical  laser  is  a  reality,  it  remains 
for  further  applied  research  to  find  either  more 
powerful  laser-producing  reactions,  or  to  discover 
chemical  reactions  which  can  give  multiple  flashes 
for  other  practical  applications  of  Air  Force 
interest. 


<  / )  Ka»per  and  Pimentel.  Appt.  Pkpt  l.rltrri  5,  1.  p.  281 
<18041. 

it)  Pimentel.  Sri.  l*.  <a  Apr.  1805). 


170 


Life  Sciences 


Simulation  as  a  Social  Science 
Kesearch  Tool 

I>r.  Hkrmak  J.  Saxdrb 

Simulnt ion  as  a  social  science  research  tool  for 
studying  complex  organizations  in  a  lalmratory 
setting  has  come  into  its  own  since  tin*  late  lft.Ws. 
A  simulation  is  a  model,  and  may  la*  thought  of 
as  n  sorial  science  activity  seeking  to  create  rep¬ 
resentations  of  complex  systems,  as  for  example, 
an  international  or  social  system. 

A  model  may  represent  a  system  or  process  pic- 
tornlly,  ns  by  a  diagram,  flow,  or  organizational 
chart:  verbally,  through  a  system  of  interrelated 
pro|Nisitinns:  mathematically,  through  a  symbolic 
set  of  relationships;  and  through  simulation  (/)• 
The  simulation  model  differs  in  that  it  is  an  oper¬ 
ating  mode).  Once  the  variables  have  lieen  selected 
for  representation,  and  the  relations  la-tween  them 
an-  sja-cifled,  the  model  is  put  into  op-ration.  It 
may  oja-rntc  by  having  (jeople  play  roles  and  inter¬ 
act  with  each  otlier,  by  means  of  a  computer,  or  a 
combination  of  lioth. 

Some  of  the  lietter  known  subjects  are  electoral 
systems  simulation  of  smnll  groups  or  units  in 
training  or  action,  simulation  of  organizations  or 
sulairganizntions  under  stress  or  crisis  manage¬ 
ment,  and  simulation  of  international  systems. 
Simulation  is  more  than  an  instructional  method : 
it  is  proving  useful  in  helping  build  a  l>ody  of 
knowledge  of  social  and  international  systems  and 
processes.  It  is  helping  social  scientists  to  formu¬ 
late  theories  that  explain  and  predict  group  be¬ 
havior,  and  to  permit  study  of  an  operating 
system  whose  concepts  cannot  be  tested  experi¬ 
mentally.  as  for  example,  national  organization. 

Two  tyjtes  of  highly  useful  simulation  have  heen 
pioneered  with  AFOSR  support.  These  are  the 
Inter- Nat  ion  Simulation  (INS)  at  Northwestern 
I’niversity  under  the  direction  of  Harold  Guetz- 
kow  and  his  associates,  and  now  called  Simulated 
International  Processes;  the  other  is  work  under 
Eugene  Haas  at  Ohio  State  for  laboratory  study 
of  organizations  under  crisis  stress. 


Although  tlieewrly  pilot  run  of  the  INS  in  1953 
was  prhatcly  supported,  AFOSR  gave  laudr  sup¬ 
port  from  1959  to  iu«4  (-M.  INS  was  an  operating, 
live  model  of  (wople  and  computer  programs  de¬ 
signed  to  represent  the  interactions  between  a 
world  of  five  or  more  fictitious  nations.  In  the 
simulation,  a  ‘'nation"  is  created  by  setting  up 
programed  characteristics  and  resources  plus  a 
immlier  of  defined  roles  and  ]N-»ple  to  fill  them. 
Three  such  roles  are  central  decisionmaker  (chief 
of  state),  external  decisionmaker  (  foreign  minis¬ 
ter ).  and  internal  decisionmaker  ( congressional 
leafier).  The  ('DM  is  the  leader  of  the  nation,  hut 
he  may  la-  replaced  if  his  pdicies  and  practices  do 
not  satisfy  a  validating  index  supplied  hv  a  com¬ 
puter  progrant.  Other  computer  programs  provide 
economic  constraints  and  levels  of  technological 
development  for  each  nation.  In  each  run  of  a 
simulation,  the  p-ople  who  occupy  the  roles  of  the 
various  decisionmakers  an-  allowed  to  operate  with 
considerable  freedom  and  carry  out  plans  and 
strategies  over  a  wide  range  of  alternatives.  They 
may  form  alliances,  found  international  organi¬ 
zations,  lieeomc  aggressive  or  conciliatory  as  they 
wish.  They  are  able,  within  realistic  constraints, 
to  determine  their  own  fate  and  that  of  their 
nation  in  the  international  arena. 

A  simulation  run  operates  on  compressed  time 
in  which  days  may  represent  years.  There  an-  es¬ 
tablished  rules  set  up  by  the  exp-rimenter  in  each 
nation  for  the  relationship  l**tween  the  satisfac¬ 
tion  of  its  population  and  the  pissiliility  for  the 
decisionmakers  to  stay  in  office,  but  there  an*  no 
fixed  rules  as  to  when  international  suspicion  and 
tension  will  lead  to  war.  The  relations  la-tween 
nations  are  thus  heavily  influenced  by  the  internal 
states  of  the  nations.  Some  decisionmakers  may  try 
to  increase  the  wealth  of  their  nation  by  trade. 
Others  may  emphasize  national  piwer  anti  pres¬ 
tige  through  military  technological  Imihl-up  and 
aid-  Hv  exchanging  imtes  and  holding  conferences, 
the  states  develop  alliances  and  treaties.  Through  a 
“world  newspaja-r”  the  heads  of  slate  make  pro 
nmincen  tents,  favorable  or  denunciatory,  about  t  he 
act  ions  of  <>t  her  nations. 

The  sense  of  realism  provided  by  this  type  of 
simulation  has  tw-en  affirmed  bv  many  types  of 
partieijmnts.  Over  the  years  of  its  oj»e  ration  and 


development  under  AFOSR  supix>rt,and  more  re¬ 
cently  under  ARP  A  support,  INS  has  conducted 
experimental  runs  in  which  college  students,  for¬ 
eign  service  trainees,  foreign  graduate  students, 
military  academy  students,  journalists,  military 
staff  officers,  and  foreign  and  1T.S.  diplomats  were 
used  as  decisionmakers.  From  the  roj>orts  of  the 
investigators,  these  participants  have  generallv 
become  intensely  involved  and  concerned  with  the 
outcome  of  each  run. 

During  the  development  and  improvement  of 
this  simulation  method,  various  efforts  have  been 
made  to  use  it  and  validate  its  use  in  a  predictive 
way.  This  has  been  done  by  controlling  certain 
inputs  such  as  nuclear  capability,  or  by  replaying 
the  events  with  actual  historical  inputs  which 
resulted  in  a  crisis. 

Richard  Brody  adapted  INS  to  simulate  the 
effects  of  the  spread  of  a  nuclear  weapons  capa¬ 
bility  (-1).  He  differentiated  between  nueleiw  and 
conventional  weapons,  whereas  the  standard  runs 
had  not  done  so.  The  number  of  participating  na¬ 
tions  was  increased  to  seven,  divided  into  two 
alliances,  each  dominated  by  a  major  nuclear 
power.  During  the  course  of  the  simulation  the 
spread  of  nuclear  capability  was  given  to  the 
smaller  nations  in  each  alliance  by  experimental 
intervention.  His  study  found  that  after  the  spread 
of  nuclear  weapons  the  cohesion  of  the  alliances 
was  markedly  retimed.  Nations  formerly  partners 
in  one  alliance  increased  their  transactions  with 
nations  in  the  opposing  alliance,  and  the  influence 
of  the  leading  nation  in  the  alliance  was  reduced. 
The  parallels  between  these  ami  what  transpired 
la-tween  France  and  the  I’nited  States  and  !>et\veeii 
China  and  the  Soviet  I'nion  after  the  diffusion  of 
nuclear  capability  into  France  and  China  are 
striking.  The  parallels  are  even  more  impressive 
when  account  is  taken  of  the  relative  simplicity 
of  the  experimental  situation,  the  nature  of  the 
participants,  and  the  fact  that  those  experiments 
were  conducted  in 

Another  variant  of  INS  was  used  by  Charles  F. 
and  Margaret  <i.  Hermann  to  check  the  model's 
output  and  eorres|M>ndence  to  the  real  world  bv 
using  masses  of  historical  data  on  the  |>eriod  prior 
to  World  War  I,  and  simulating  the  events  prior 
to  the  outbreak  of  the  War  (4).  A  related  study 
was  (lerfonned  by  Dina  A.  Zinnes  of  Indiana  Uni¬ 
versity  from  the  historical  data  assembled  by 
Robert  North  and  his  associates  at  Stanford  Uni¬ 
versity.  Zinnes  compared  the  results  of  13  hy- 


I  Hit  hoses  generated  by  INS  runs  at  Northwestern 
University  with  similar  hypotheses  utilizing  the 
Stanford  World  War  I  data.  Correspondence  was 
found  for  nine  of  the  13  hypotheses  compared, 
using  the  two  data  sources  (-5). 

Under  AFOSR  support  Itornt  hy  Meier,  Wash¬ 
ington  University,  St.  Louis,  is  currently  using 
the  Toter- Nat  ion  Simulation  in  a  contemporary 
o.  wits  project  to  test  the  predictive  power  of  the 
model.  The  general  strategy  of  the  study  involves 
’"setting”  tlie  model  of  INS  to  correspond  to  the 
real  world  situation  at  a  concurrent  point  in  time, 
and  then  running  the  simulated  system  ahead  on 
a  telescoped  time  dimension. 

Since  late  ltMH,  Guetzkow  and  his  associates  at 
Northwestern  have  lieen  conducting  a  further  de¬ 
velopment  of  simulation  research  under  ARPA 
support. 

These  studies  are  attempting  to  relate  and  com¬ 
pare  the  effectiveness  of  the  INS  model  with  other, 
more  computerized  simulations  and  with  verbal 
foreign  policy  theories.  This  will  include  further 
efforts  toward  validation  of  simulation  methods 
with  the  use  of  historical  data  and  such  techniques 
ns  have  been  developed  by  Olaf  Helmer  at  the 
Rand  Corp.  on  the  use  of  experts  for  the  prediction 
of  future  events. 

As  Gtietzkov  and  Jensen  have  indicated  in  a 
recent  article:  "Whether  or  not  we  go  to  a  new 
generation  of  simulation  models,  our  understand¬ 
ing  of  the  coherence  and  validity  of  existing 
models  must  be  much  improved.  The  Simulated 
International  Processes  project  at  Northwestern 
hopes  that  it  can  contribute  at  least  in  some  small 
measure,  to  thp  unending  need  of  tying  together 
■islands  of  theory'  generated  by  verbal  and  simu¬ 
lation  research."  (0) 

INS  is  receiving  increasing  attention  as  an 
effective  (milling  technique  for  those  who  par¬ 
ticipate  as  decisionmakers  for  the  interacting  na¬ 
tions.  both  inside  and  outside  the  federal 
government.  In  major  educational  institutions,  the 
simulation  method  is  tieing  used  in  the  teaching 
of  international  relations  and  the  graduate  in¬ 
struction  of  foreign  service  trainees.  Some  mili¬ 
tary  service  academies  and  war  colleges  are 
experimenting  with  adaptations  of  it  for  the  train¬ 
ing  of  senior  cadets  and  staff  officers.  A  special  kit 
has  recently  lieen  published  which  was  designed 
for  high  school  and  college  undergraduate  instruc¬ 
tion  in  international  relations  (7). 
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Thus  the  early  A FOSR  sustained  support  of  the 
program  at  Northwestern  University  has  made 
possible  the  development  of  it  man-computer  social 
science  research  technique  which  will  have  wide 
application  in  education  and  research  as  it  is 
further  adapted  an  .  developed  in  the  years  to 
come. 

Initial  support  was  given  in  1964  to  Eugene 
Haas  and  his  associates  tT.  E.  Draliek  anti  E.  L. 
Quantntelli)  at  Ohio  State  University  for  study 
of  organizations  under  crisis  stress.  Traditionally. 
I’1  Id  studies  hitd  been  the  itiajor  research  device 
u-ed  by  social  scientists  for  analyzing  complex 
organizat  ions,  whether  these  were  operating  under 
normal  conditions  or  under  the  demand  of  a  dis¬ 
aster  situation.  Such  field  studies  (supported  by 
(X'O- Army )  are  also  conducted  bv  the  Ohio  State 
Disaster  Research  ("enter.  Emergency  research 
teams  were  assembled  and  trained  in  11)63.  These 
have  moved  into  disaster  areas  as  soon  after  the 
event  as  possible  to  interview  organizational 
leaders. 

The  early  postdisaster  field  studies  indicated 
that  the  stress  on  organizations  in  a  community 
immediately  after  a  disaster  is  due  to  the  fact  that 
increasing  demands  upon  certain  organizations 
such  as  the  fire,  police,  or  public  works  depart¬ 
ments,  will  exceed  their  capability  to  meet  the 
demands.  As  organizations  attempted  to  cope  with 
sudden  change  in  demands  and  capability  brought 
al>out  by  disaster,  it  was  noted  that  there  were  cer¬ 
tain  changes  in  performance  structure.  For  exam¬ 
ple,  following  the  Alaskan  earthquake  in  1964  the 
decisionmaking  pattern  in  the  Anchorage  Public 
Works  Department  was  significantly  modified. 
Many  decisions  were  made  at  much  lower  levels 
than  they  would  normally  have  been.  Lines  of 
authority  were  "breached"  as  upper  echelon  offi¬ 
cials  went  directly  to  sjxeoialists  or  foremen  for 
current  information  and  advice. 

In  order  to  test  experimentally  how-  certain 
organizations  respond  to  various  levels  of  demand 
in  a  crisis  situation,  and  liow  their  jterforiniuu-o 
pattern  changes,  Haas  and  his  associates  con¬ 
trived  an  instrumental  laboratory  setting  for  the 
simulation  of  a  crisis  situation  in  which  all  factors 
could  be  under  control,  observed,  and  recorded. 
The  communication  system  of  u  metropolitan 
jvolice  department  was  selected  as  the  system  to  be 
simulated.  All  three  shifts  of  personnel  from  the 
police  radio  room  participated  in  three  normal 
laboratory  sessions,  in  which  demands  on  the  sys¬ 


tem  were  markedly  changed  through  a  simulated 
report  of  the  "crash  of  a  largo  aircraft  into  an 
apartment  house  complex."'  The  experimenters 
(reined  a  special  group  of  assistants  to  take  posi¬ 
tions  of  cruiser  operators  and  telephone  callers 
using  language  identical  to  that  to  which  police 
officers  in  a  headquarters  were  accustomed.  Exact 
replication  of  the  characteristics  of  input  calls, 
skill  in  the  use  of  police  radio  jargon,  and  the 
physical  layout  of  the  laboratory,  created  a  simu¬ 
late  which  liehaved  exactly  as  its  real  counterpart. 
The  principal  investigator  reported  jH>rsonallv  to 
the  writer  that  the  |  ml  ice  group  found  the  stress 
situation  so  real  that  they  could  think  of  nothing 
else  for  several  hours  after  the  simulation  session. 

Although  this  was  the  first  attempt  at  this  typo 
of  simulation  by  the  Ohio  State  University  DRC 
or,  for  that  matter,  by  any  other  research  orga¬ 
nization,  the  results  are  considered  quite  encour¬ 
aging.  The  laboratory  simulation  method  used  was 
found  to  be  feasible  and  the  experimental  setting 
was  surprisingly  realistic.  Substantively,  the 
major  hypothesis  was  supported:  If  there  is  orga¬ 
nizational  stress,  then  there  will  lie  change  in  orga¬ 
nizational  jierformance  structure.  Furthermore, 
the  four  types  of  change  in :  rate  of  task  perform¬ 
ance,  priority  order  of  task  selection,  rate  of 
decisionmaking  and  frequency  of  interpersonal 
contact,  were  found  to  correspond  roughly  to 
the  predictions  made  from  postdisnster  field 
observations. 

Theoretical  refinement  of  this  type  of  simula¬ 
tion  and  analysis  of  organizational  response  to 
crisis  stress  will  continue  under  AFOSR  support. 
It  is  anticipated  that  by  continual  testing  of  the 
results  of  future  experiments  against  the  real 
world:  further  revising,  refining,  and  retesting,  a 
theoretical  model  will  emerge  that  may  permit  an 
increasingly  better  prediction  of  organizational 
responses  to  various  forms  of  stressful  situations. 
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Visual  Perception 

Dr.  Glen  Finch 

When  walking,  man  is  provided  with  infor¬ 
mation  through  a  number  of  sensors  about  how 
fast  he  is  moving,  whether  he  is  speeding  up,  slow¬ 
ing  down,  going  uphill  or  downhill,  iiow  rapidly 
he  is  approaching  an  object,  or  how  fast  he  is 
closing  with  a  moving  object,  estimation  of  rela¬ 
tive  size  and  distance  of  objects,  appreciating 
which  direction  is  up  and  which  direction  i3  down, 
as  well  as  identifying  many  other  features  of  his 
environment.  With  mechanical  transport,  some  of 
the  sensory  inputs  previously  available  are  ren¬ 
dered  ineffectual.  He  can  no  longer  make  effective 
use  of  the,  sensory  organs  of  the  muscles,  joints, 
and  skin.  Under  conditions  of  weightlessness,  the 
utility  of  the  vestibular  input  is  greatly  lessened. 
In  an  automobile,  airplane,  or  spaceship,  man 
must  depend  largely  upon  vision,  audition,  or  upon 
electronic  or  mechanical  sensors  for  knowledge 
about  his  movement  through  space  and  aliout  his 
relationship  to  objects. 

Until  recently  very  !;ttlo  work  had  been  done 
on  studying  perception  in  moving  observers.  One 
reason  for  this  is  that  apparatus  required  to  do 
controlled  studies  and  to  obtain  objective  data  is 
quite  elaborate  and  complex.  Basic  knowledge 
about  man’s  capabilities  of  perceiving  objects 
while  moving,  compensating  for  distortions,  mak¬ 
ing  judgments  about  size,  speed,  time,  velocity, 
and  acceleration  is  most  important  in  designing 
equipment  for  efficient  hum  in  operation.  High¬ 
speed  aviation  and  aerospace  t  ravel  impose  on  the 
human  operator  perceptual  icquirements  of  a  dif¬ 
ferent  older  than  those  encountered  when  man 
moves  at  slower  speeds.  A  man-machine  transpor¬ 
tation  system  should  be  designed  so  that  man’s 


perceptual  inadequacies  can  be  compensated  for 
with  mechanical -electronic  devices  and  optimal 
use  made  of  his  perceptual-motor  capabilities.  It 
is  only  by  study  •  f  perceptual  functions  in  dy¬ 
namic  situation  md  with  reduced  or  distorted 
perceptual  cues  .  at  important  human  capabili¬ 
ties  and  limitations  can  lie  identified.  Engineers, 
if  supplied  with  specific  information  about  man’s 
capabilities  and  limitations,  can  develop  devices 
that  can  enable  man  to  function  effectively  under 
extreme  renditions.  One  danger  that  has  to  be 
avoided  is  the  providing  of  the  operator  with 
unneeded  information,  information  that  the  opera¬ 
tor  cannot  process,  and  to  which  he  cannot  react. 

The  behavioral  sciences  division  of  AFOSR 
has  supported  a  number  of  related  research  proj¬ 
ects  in  the  area  of  perception.  Six  of  these  will 
be  described : 

(1)  Richard  Gregory,  Cambridge  University, 
is  doing  research  on  the  perceptual  efficiency  of 
man  under  movement  conditions. 

(2)  Sanford  J.  Freedman,  Tufts  Uim  : 
doing  research  on  the  effects  of  prolonged  and  un¬ 
usual  stimulus  conditions  on  human  performance. 

(3)  .loseph  M.  Notterman,  Princeton  Univer¬ 
sity,  is  studying  the  effects  of  spatial  and  temporal 
cues  on  (he  detection  of  differences  in  velocity  and 
rates  of  aeceh 

(I)  Gosta  E  tan  of  the  University  of  Stock¬ 
holm.  is  attempting  to  derive  the  relations  between 
subjective  estimates  of  space,  time,  and  velocity. 

(li)  Franz  .'liumer,  University  of  Innsbruck, 
is  studying  artificially  disturbed  sensory  coordina¬ 
tion  in  man. 

(6)  Edward  Taub,  Isaac  Albert  Research  Insti¬ 
tute,  is  studying  the  effects  of  surgically  eliminat¬ 
ing  body,  muscle,  and  joint  sensitivity  in  Rhesus 
monkeys. 

Gregory  has  constructed  an  electrically  driven 
carriage  running  on  rails  in  a  dark  tunnel.  Sub¬ 
jects  can  be  moved  on  this  carriage  at  a  constant 
speed.  He  also  uses  a  large  parallelogram  swing 
which  can  introduce  horizontal  acceleration  forces 
(0- 

The  research  so  far  has  involved  the  measure¬ 
ment.  of  visual  size  constancy  during  movement 
(2).  A  simple  shape,  such  as  a  circle,  which  can 
be  continuously  adjusted  in  size,  is  presented  to 
the  subject.  Its  size  is  varied  as  the  observer  is 
carried  on  the  swing  or  railway  away  or  toward 
it,  and  it  is  changed  so  as  to  npjiear  to  him  constant 
in  size.  If  there  were  no  size  constancy  operating, 
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the  display  would  have  to  be  increased  in  size, 
with  increasing  observer  distance,  so  that  the 
retinal  image  would  remain  constant  in  size.  This 
would  require  a  reciprocal  function.  If  the  size 
constancy  were  perfect,  no  change  in  the  display 
size  would  be  required  for  it  to  appear  constant. 
Any  kind  of  added  information  about  his  move¬ 
ment  increases  the  subject's  constancy  index  and 
reduces  variability  of  the  measures.  In  the  case  of 
complete  darkness  and  no  acceleration,  there  is 
no  evidence  of  any  constancy  and  the  variability 
is  high.  Under  these  conditions,  observers  are  un¬ 
reliable — and  these  are  essentially  the  conditions 
prevailing  for  the  astronaut.  Very  slight  increase 
in  information  (proprioceptive  or  visual)  of  ob¬ 
server  movement  improves  constancy  dramatically. 

Size  constancy  is  greater  for  forward  than  for 
backward  movement.  Constancy  is  affected  by  the 
subject’s  perception  of  what  is  moving — t  he  viewed 
objects  or  the  observer.  Largest  objects  are  usually 
perceived  as  stationary.  In  space  conditions,  the 
apparently  largest  objects  may  be  surrounding 
equipment  or  other  astronauts.  If  they  are  per¬ 
ceived  as  stationary,  it  may  be  anticipated  that 
considerable  errors  in  judgment  of  size  and  dis¬ 
tance  may  occur. 

A  person’s  perception  may  be  misleading  if  the 
cues  are  contradictory.  Under  such  conditions,  im¬ 
possible  geometric  figures  may  appear  as  real 
objects.  As  an  example,  a  cube  made  of  wire, 
painted  with  luminous  paint,  suspended  on  a  cord, 
and  viewed  in  total  darkness,  will  be  perceived  in 
various  ways  that  do  not  correspond  to  the  true 
physical  stimulus.  The  front  and  back  faces  of  the 
cube  will  seem  to  alternate  in  position;  sometimes 
the  "earer  face  will  seem  to  lx*,  farther  away  and  the 
farther  one  will  seem  nearer.  The  same  sort  of 
spatial  distortion  is  likely  to  happen  to  astronauts 
viewing  the  structural  elements  of  their  space 
station.  They  would  receive  no  more  cues  to  the 
distance  of  different  parts  than  one  receives  from 
the  luminous  wire  cubes. 

Depth  perception  can  become  reversed  when  cues 
are  limited.  When  this  occurs,  objects  become  dis¬ 
torted.  For  example,  a  cube  might  be  perceived 
as  a  truncated  pyramid.  Conditions  of  limited 
stimuli  may  lead  to  the  perceiving  of  optical 
illusions  and  impossible  geometrical  figures. 

Freedman  has  conducted  studies  that  show  that 
adaptive  compensation  for  misleading  information 
transmitted  through  one  sense  modality  may  lead 
to  temporarily  maladaptive  behavior  mediated  by 


another  (3) .  This  suggests  that  spatial  orientation 
is  a  function  of  the  central  nervous  system.  Ma¬ 
nipulation  of  one  channel  of  information  may  so 
disrupt  the  orientation  function  that  effects  occur 
in  behavior  control  led  by  another  sensory  channel. 
Loading  the  visual  inputs  with  rearranged  infor¬ 
mation,  and  forcing  compensation,  may  produce  a 
visual-motor  shift  by  disturbing  the  orientation 
function  as  a  whole;  therefore,  effects  appear  in 
auditory  direction  finding  as  well. 

Notterman  has  worked  for  the  last  8  years  on 
a  program  of  research  on  the  perception  of  dy¬ 
namic  stimul  i.  The  major  object  ives  of  this  research 
have  been  to  provide  some  understanding  of  the 
capability  of  organisms  to  perceive  stimulus  mag¬ 
nitudes  that  vary  as  a  function  of  time.  The  basic 
datum  is  the  precision  of  discrimination  of  time- 
derivative  changes  in  stimulus  magnitudes.  Of 
primary  concern  is  whether  any  generalizations 
may  be  made  regarding  these  processes  across 
various  stimulus  modalities  and  dimensions. 

The  specific  objectives  of  Notterman ‘s  research 
revolve  around  several  basic  questions.  The  first  is 
concerned  with  a  comparison  of  the  levels  of  pre¬ 
cision  in  the  perception  of  time  variant  changes 
for  two  major  classes  of  stimuli :  Topographic  anu 
kinetic. 

Second,  the  research  is  not  restricted  to  examina¬ 
tion  of  discriminative  acuity  for  first  *  ^e-deriva¬ 
tive  stimulus  changes  (velocity).  Iniormation  is 
also  being  collected  on  how  difference  thresholds 
are  affected  at  higher  time-derivatives  of  stimulus 
magnitudes  (acceleration).  Kate  discrimination 
depends  upon  rate  of  change,  duration,  and  total 
stimulus  change.  Information  is  also  being  collect¬ 
ed  on  the  influence  of  cultural  variables. 

Ekman’s  research  focuses  on  psychophysical 
relations  in  adaptation  processes  (.5).  His  research 
has  resulted  in  numerous  published  research  re 
ports  which  are  widely  recognized  as  important 
contributions  to  the  body  of  scientific  material  in 
the  fields  of  perception.  His  work  has  dealt  with 
dark  adaption  (6),  olfactory  adaptation  (7),  per¬ 
ceptual  dimensionality  (8) ,  subjective  distance  and 
emotionality  (ff),  subjective  scales  of  number  (JO), 
discrimination  of  roughness  and  smoothness  (Jl), 
psychophysical  scaling  (IS),  and  discrimination 
and  preferences  of  saltiness  and  sweetness  (13). 

Thumer,  a  young  psychologist  working  in  the 
Institute  for  Ex|>eriinental  Psychology  at  the  Uni¬ 
versity  of  Innsbruck,  Austria,  received  his  Ph.  D. 
at  Innsbruck  but  is  also  American  trained  (A.M., 


University  of  Georgia).  The  Innsbruck  Institute 
is  recognized  as  one  of  the  most  productive  Euro¬ 
pean  psychological  research  institutes.  Its  director 
is  the  distinguished  psychologist,  Ivo  Kohler. 
Thurner  is  collecting  data  on  difference-thresholds 
for  visual-motor  coincidences,  orientation  learn¬ 
ing  of  displaced  perceptual  systems,  and  ability  as 
related  to  adjustments  to  disturbances  of  the  visual 
systems. 

Taub  {H),  experimenting  with  monkeys  as  sub¬ 
jects,  has  collected  data  that  call  into  question 
many  of  the  theories  about  the  significance  of 
bodily  sensory  input  (from  skin,  muscles,  joints, 
and  internal  body).  Dr.  Taub  has  demonstrated 
that  monkeys  can  be  retrained,  after  being 
deprived  of  these  sensory  channels,  to  walk,  climb, 
pick  up  small  pellets,  and  even  to  compensate  in 
reaching  for  food  when  his  hands  are  masked  and 
when  the  visual  image  of  the  food  is  displaced  by 
his  looking  through  prisms. 

Taub's  rest...  1,  may  lead  to  important  applica¬ 
tions  in  the  retraining  of  persons  who  have  under¬ 
gone  spinal  and  other  nerve  injury,  and  in  the 
development  of  new  physical  therapy  techniques. 
Perhaps  more  important,  this  research  is  leading  to 
a  better  understanding  of  the  way  in  which  the 
components  of  the  total  sensory  system  interact. 

The  program  of  research  on  perception  that  is 
sponsored  by  AFOSR  is  leading  to  the  discovery 
of  many  principles  and  new  data  that  are  impor¬ 
tant  to  the  design  of  Air  Force  weapon  systems  in 
which  the  operators’  perceptual  capabilities  and 
limitations  must  be  correctly  assessed  in  order  to 
achieve  an  optimal  integration  of  man  and 
machine. 
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Instructional  TechnoloQf 

Majt.  Laurence  G.  Goebel 


In  the  indoctrination  and  training  of  military 
personnel  a  continuing  search  has  been  made  over 
the  years  for  better  and  more  efficient  techniques 
of  instruction.  Unquestionably,  our  existing 
methmls  and  n,.U  rail  luiti  men  effective  in  pro¬ 
ducing  well-trained  airmen  and  officers;  however, 
we  have  always  been  aware  that  through  research 
we  might  be  able  to  exploit  a  great  deal  more  of  the 
military  man’s  potential  performance  capability, 
while  at  the  same,  time  reducing  the  amount  of  time 
required  to  bring  him  to  peak  performance.  In  the 
Air  Force,  where  more  than  600,000  people  are 
being  trained  in  about  2,000  courses  annually,  re¬ 
duction  of  training  time  by  as  little,  as  a  week 
could  provide  a  tremendous  additional  pool  of 
available,  contributing  manpower  without  increase 
in  personnel  strength.  (1). 

The  foundations  of  Air  Force  research  on  im¬ 
proved  instructional  technology  were  laid  during 
World  War  II  in  the  Army  aviation  psychology 
research  program  when  the  critical  needs  for 
trained  officers  and  airmen  stimulated  rapid  devel¬ 
opment  of  instructional  devices  such  as  training 
films,  film  strips,  simulators,  mock-ups,  models, 
and  abbreviated  training  manuals.  Although  cer¬ 
tainly  significant,  much  of  this  development  was 
more  opportunistic  than  scientific — designed  to 
meet  the  needs  of  the  moment  and,  essentially, 
based  only  on  modifications  of  the  existing  known 
technology-.  Follow  ing  World  War  II,  opportunity 
was  provided  to  initiate  and  apply  a  more  sys¬ 
tematic  research  approach  to  military  education, 
and  training  problems.  An  extensive  basic  research 
program  in  learning,  together  with  a  well-planned 
applied  research  effort  on  training  devices 
gradually  evolved. 
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During  the  period  1950  to  1957  the  Training 
Research  laboratory  of  the  Air  Force  Personnel 
and  Training  Research  Center  was  a  fountainhead 
of  creative  research  and  technical  development  in 
the  areas  of  learning  and  instructional  technology. 
Scientists  such  as  A.  A.  Lumsdaine,  R.  Gagne, 
N.  Orowder,  L.  Briggs,  R.  French,  and  others 
developed  a  whole  series  of  instructional  devices, 
including  the  “subject-matter  trainer,”  which  is 
often  cited  as  one  of  the  first  teaching  machines 
{  '2).  During  this  period,  while  studying  the  prob¬ 
lems  of  training  for  electronic  troubleshooting, 
N.  Crowder  developed  his  system  of  instructional 
programing  called  “intrinsic  programing,”  one  of 
the  two  fundamental  techniques  now  used  in  pro¬ 
gramed  instruction  materials.  The  productivity  of 
this  training  research  laboratory  is  attested  to  by 
the  professional  reports  which  were  issued.  Of  the 
224  papers  listed  by  Lumsdaine  and  Glaser  in  their 
1960  compilation  of  reports  on  teaching  machines 
and  programed  instruction,  28  percent  were  prod¬ 
ucts  of  the  Air  Force  laboratory  (3). 

When  the  Air  Force  Personnel  and  Training 
Research  Center  was  discontinued  in  1957,  respon¬ 
sibility  for  applied  research  in  training  was  as¬ 
signed  to  Wright- Patterson  AFB.  The  Air  Force 
Office  of  Scientific  Research,  Directorate  of  Life 
Sciences,  asumed  responsibility  for  supporting  the 
more  fundamental  studies  of  learning  and  related 
processes  in  human  performance. 

AFOSR  developed  a  discriminating  approach 
to  its  selection  of  contract  and  grant  proposals 
which  would  insure  that  the  studies  supported 
would  not  only  contribute  significantly  to  a  scien¬ 
tific  development  of  military  education  and 
training  techniques,  but  would  also  promise  early 
payoffs.  One  of  the  most  outstanding  actions  was 
AFOSR  sponsorship  of  a  symposium  on  the  art 
and  science  of  teaching  verbal  and  symbolic  skills 
which  was  held  at  the  University  of  Pennsylvam 
in  December  1958. 

Prior  to  the  University  of  Pennsylvania  sym¬ 
posium  very  little  attention  had  been  given  outside 
of  the  applied  research  and  development  on  mili¬ 
tary  training  devices  to  an  instructional  technol- 
ogy  approach  in  education  and  training  research. 
A  majority  of  the  research  being  conducted  was 
oriented  to  studies  within  the  framework  of  exist¬ 
ing  learning  theory.  Until  1958  only  about  15 
articles  had  appeared  in  professional  journals  dis¬ 
cussing  the  possibility  of  restructuring  the  instruc¬ 
tional  situation  through  technological  innovation 


to  exploit  known  principles  of  learning.  Most  of 
these  articles  had  been  written  by  S.  Pressey  and 
his  students  at  Ohio  State,  and  two  of  them  were 
discussions  by  B.  F.  Skinner  of  Harvard. 

At  the  Se|»teinber  1958  meeting  of  the  American 
Psychological  Association  in  Washington,  D.C., 
a  conference  was  held  on  research  on  teaching 
machines.  Papers  were  read  by  Pressey,  Skinner, 
Crowder.  Lumsdaine,  and  others.  These  papers 
and  the  discussions  which  followed  provoked  the 
idea  that  this  instructional  technology  approach 
in  research  might  prove  to  be  a  most  fruitful 
avenue  to  more  efficient  education  and  training. 
The  AFOSR  decided  to  sponsor  a  symposium 
which  might  serve  as  a  soundingboard  for  these 
new  ideas. 

Funded  by  AFOSR,  the  symposium  was  held 
on  8  and  9  December  1958  at  the  University  of 
Pennsylvania,  with  Eugene  Galanter  acting  as 
chairman.  Among  the  participants  were  S.  L. 
Pressey  of  Ohio  State ;  B.  F.  Skinner,  J.  G.  Hol¬ 
land,  D.  Porter,  and  S.  R.  Meyer  of  Harvard; 
R.  M.  Gagne  of  Princeton;  L.  Homme  and  R. 
Glaser  of  the  University  of  Pittsburgh;  A,  A. 
Lumsdaine  of  the  American  Institute  for  Re¬ 
search,  and  many  others.  Galanter  edited  the 
papers  which  issued  from  this  symposium  and 
published  them  in  book  form. 

Galanter's  book,  “Automatic  Teaching:  The 
State  of  the  Art,”  (4)  was  the  first  major  publica¬ 
tion  dealing  with  research  on  teaching  machines 
and  programed  instruction.  It  proved  to  be  a  best¬ 
seller,  stimulating  a  tremendous  activity  among 
educators  and  research  workers.  The  papers  in¬ 
cluded  served  as  a  catalyst  to  new  thinking  on  the 
problems  of  improving  educai.ou  and  training. 
Interest  was  generated  in  all  the  military  services. 
Federal  agencies,  industry,  and  academic  institu¬ 
tions.  Research  studies  increased  from  a  handful 
to  hundreds  of  individual  projects  throughout  the 
country. 

Following  the  success  of  this  symposium 
AFOSR  continued  to  support  selected  research 
efforts  which  showed  promise  of  contributing  to 
advances  in  military  training.  Among  these  was 
a  contract  with  the  American  Institute  for  Re¬ 
search  for  studies  on  cueing  and  prompting 
techniques.  This  contract  alone  produced  14  pro¬ 
fessional  papers  and  reports  by  Angell,  Lums¬ 
daine,  and  Guthrie.  Gagne  and  Bolles,  under 
another  AFOSR  contract,  made  an  intensive  study 
of  the  factors  influencing  the  efficiency  of  learning 


and  developed  three  major  reporta  which  hare  been 
extensively  referenced  in  the  professional  litera¬ 
ture.  Knowledge  of  results,  which  is  a  primary 
feature  of  the  concepts  underlying  teaching  ma¬ 
chines  and  programed  learning,  was  studied  by 
W.  I.  Smith  and  J.  W.  Moore  under  an  AFOSR 
grant.  The  results  of  this  research  formed  the 
basis  of  a  chapter  in  their  book,  “Programed 
Learning”,  (6)  in  addition  to  being  reported  in 
the  professional  literature. 
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Bird-Aircraft  Collisions 

Dan  Tatxor 


The  conflict  between  man  and  his  environment 
can  he  a  lethal  affair  for  an  Air  Force  pilot. 

On  13  October  1966  a  T-37B  aircraft  operating 
from  Reese  Air  Force  Base,  Tex,,  performed  a 
local  weather  check  en  route  to  an  auxiliary  field. 
Flying  at  1,200  feet  and  220  knots,  the  aircraft 
struck  a  large  bird,  which  penetrated  the  wind¬ 
screen  and  struck  one  of  the  pilots  in  the  head, 
killing  him  instantly. 

In  March  last  year  a  fully  loaded  C-130 
en  route  to  Vietnam  lifted  off  at  McClellan  Air 
Force  Base,  Calif.  A  second  later  it  passed  through 
a  flock  of  starlings  crossing  the  runway.  Two  of 
the  prop- jet  engines  ingested  birds,  lost  power,  and 
shut,  down  although  the  pilot  managed  to  land 
safely. 

These  incidents  highlight  the  growing  menace 
of  bird-aircraft  collisions,  which  are  costing  the 
Air  Force  well  in  excess  of  $10  million  each  year, 
injuries  and  loss  of  lives,  interruptions  of  opera¬ 


tions,  and  vast  numbers  of  man-hours  devoted  to 
repair. 

Bird  Strike  CharaetarisHtt 

Air  Force  collisions  with  birds  must  Le  reported 
to  the  directorate  of  aerospace  safety  when  damage 
is  sufficient  to  classify  the  occurrence  as  an  aircraft 
accident.  The  number  was  53  in  1962,  70  in  1963, 
and  145  in  1964.  In  1965,  and  for  that  year  only, 
all  bird  strikes  were  made  reportable  rej  rdless  of 
whether  damage  resulted.  The  total  was  839, 
nearly  sis  times  the  number  for  the  previous  year. 
The  change  in  the  reporting  procedure  was  made 
to  provide  a  more  representative  history,  and  to 
obtain  statistical  information  of  value  in  current 
research  programs  directed  at  reducing  the 
hazard.  (7). 

Tho  preliminary  total  for  1966  is  291  bird 
strikes  classified  as  accidents,  following  the  up¬ 
ward  trend  and  bearing  out  the  grim  fact  that 
bird-aircraft  collisions  are  increasing  in  frequency 
and  cost.  While  separate  cost  accounting  is  not 
presently  being  performed,  there  are  ample  indi¬ 
cations  to  support  the  $10  million  estimate. 
Seventy -five  engines  were  replaced  in  1965  be¬ 
cause  of  bird  ingestion.  Damage  reports  cite  a 
constant  toll  of  windscreens,  canopies,  air  intakes, 
radomes,  wing  and  fuselage  panels,  flaps  and  land 
ing  gear,  and  particularly  jet  engines.  The  number 
of  man-hours  required  to  repair  a  duck  impact  on 
a  B-52  wing  leading  edge,  for  example,  can  run  as 
high  as  100,  indicating  severe  damage  to  electrical 
and  other  systems.  A  single  bird  can  reduce  a  jet 
engine,  costing  several  hundred  thousand  dollars, 
to  a  pile  of  scrap  in  an  instant,  if  compressor 
blades  are  broken  off  and  further  ingested. 

Using  data  for  1965,  these  patterns  in  bird-strike 
incidents  are  observed:  (1)  The  birds  were  in¬ 
frequently  observed  prior  to  impact  and  in  almost 
half  the  incidents  the  kind  of  bird  involved  was  not 
known.  Small  birds  such  as  blackbirds,  starlings, 
sparrows,  and  doves  were  most  frequently  en¬ 
countered  near  airfields.  Seagulls,  starlings,  and 
blackbirds  were  the  most  frequently  identified 
species,  (2)  more  strikes  involved  transports  than 
any  other  type  aircraft,  with  trainers  second,  (3) 
most,  encounters  occurred  below  1,000  feet,  with  a 
quarter  of  these  being  on  the  airfield  itself,  (4) 
of  839  strike  incidents,  138  were  on  the  airfield, 
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and  243  were  w'thin  1  mile.  Of  the  remainder, 
149  were  during  low-level  training  missions,  in¬ 
cluding  radar-evasion,  gunnery,  and  navigation 
practice  runs,  (ft)  109  engine  ingestions  were  re¬ 
ported,  requiring  26  shutdowns  and  75  replace¬ 
ments;  windscreens  and  canopies  were  involved  in 
178  incidents,  with  eight  penetrations  and  four 
cases  of  minor  injuries,  (6)  694  incidents  occurred 
within  the  continental  United  States,  with  70  per¬ 
cent  in  the  southern  half  of  the  country.  The  high¬ 
est  2-month  period  was  September-October,  with 
March-April  next  highest.  These  periods  coincide 
with  bird  migratory  activity,  (7)  increasing 
numbers  of  windscreen  penetrations  in  the  espe¬ 
cially  vulnerable  T-37  and  T~38  aircraft  reflect 
increased  pilot  training  schedules  and  are  receiv¬ 
ing  special  attention. 

While  the  Air  Force  has  a  mandatory  reporting 
system,  commercial  and  private  aircraft,  operators 
may,  but  are  not  compelled,  to  report  bird  strikes. 
During  1966,  the  Federal  Aviation  Agency  was 
notified  of  about  650  such  hits.  In  recent  years, 
an  airliner  was  downed  with  the  loss  of  17  persons 
when  it  hit  a  swan  causing  a  stabilizer  to  fail. 
Another  airliner's  engines  ingested  starlings  on 
takeoff  and  crashed,  killing  62.  l\S.  airlines  in 
past  years  have  reported  an  average  of  about  300 
bird  collisions  a  year.  In  1965,  as  a  result  of  FAA 
stress  on  these  reports,  about  659  were  filed  by 
U.S.  airlines.  One  Canadian  airline  has  reported 
that  virtually  every'  jet  engine  in  its  fleet  has 
ingested  birds  (2). 

Bird-aircraft  collisions  are  definitely  increasing 
as  aircraft  get  larger  and  faster,  and  fly  more  miles 
each  year.  The  problem  portends  even  graver  con¬ 
sequences  with  extremely  large  aircraft  such  as  the 
C-5 A  transport  entering  the  inventory.  Supersonic 
aircraft  add  another  dimension  to  the  question, 
particularly  the  F— Ill,  which  will  fly  considerable 
portions  of  its  mission  “on  the  deck”. 
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There  are  many  approaches  to  the  problem.  The 
brute  force  method  provides  birdproof  wind¬ 
shields  for  aircraft  ranging  from  the  C-47  to  the 
C-141.  These  will  protect  the  pilot  from  hits  of  4- 
pound  birds  at  500  knots.  The  supersonic  strike  is 
still  largely  an  unresolved  question,  hut  there  is  no 
question  about  whai  happens  when  a  large  bird 
hits  a  small  aircraft,  and  as  yet  no  way  has  been 


found  to  birdproof  a  jet  engine  without  paying 
a  stiff  penalty  in  aerodynamic  efficiency. 

Another  approach  is  “If  yon  don’t  see  them 
they  aren't  there.'’  This  may  take  several  forms. 
There  exists  a  puzzling  reluctance  on  the  part  of 
many  who  fly  to  admit  the  magnitude  and  some¬ 
times  existence  of  the  bird-aircraft  collision  prob¬ 
lem.  Pilots  dislike  having  to  make  detailed  bird- 
strike  reports.  Airlines  dislike  alarming  the  public. 
Base  commanders  dislike  having  to  curtail  flying 
schedules.  Traffic  controllers  dislike  having  their 
screens  obscured  by  clouds  of  migrating  birds. 
More  than  one  airport  control  radar  has  been  re¬ 
engineered  to  reduce  the  return  from  birds  when 
these  unwanted  “angels”  were  found  to  interfere 
with  aircraft  control.  And  in  an  age  when  a  bare¬ 
footed  rifleman  can  bring  down  a  multimillion- 
dollar  aireraft  with  a  single  shot,  it  is  sometimes 
difficult  to  be  concerned  about  seemingly  non¬ 
urgent  problems. 

At  one  training  base,  T-37's  regularly  flew 
through  flocks  of  blackbirds.  These  birds  occupy  a 
winter  roost  with  a  population  estimated  at  5  mil¬ 
lion,  a  few  hundred  yards  from  the  main  runways. 
In  view  of  extremely  tight  training  schedules,  the 
toll  of  engines,  windscreens,  landing  lights,  and 
wing  and  tail  surfaces  was  accepted  for  a  time,  but 
flying  at  that  base  has  since  been  curtailed  during 
the  birds’  travel  to  and  from  the  roost  at  dawn  and 
dusk.  However,  a  more  important  lesson  to  be 
learned  from  this  example  is  that  the  base  was 
built  adjoining  the  roost,  which  has  existed  as  long 
as  the  oldest  residents  of  the  area  can  remember. 
In  the  New  York  City  area,  one  of  the  sites  being 
evaluated  for  a  possible  new  jetport  is  located  in 
a  major  waterfowl  refuge. 

Since  most  incidents  occur  on  or  near  airfields, 
an  effective  approach  is  habitat  manipulation  to 
make  airfields  less  attractive  for  birds.  Standard 
measures,  advocated  by  the  FAA  and  the  Air 
Force,  include  harassment  from  liquid  propane- 
fueled  noisemakers,  shotgun  shell  explosive  crack¬ 
ers,  and  recorded  distress  calls  of  birds:  draining 
marshes,  using  herbicides  and  insecticides,  cutting 
trees  and  grass:  trapping  crows  and  owls;  and 
eliminating  dumps  and  other  refuse.  But  these  are 
all  only  partially  effective  in  view  of  the  fact  that 
most  airfields  are  located  in  areas  naturally  attrac¬ 
tive  to  birds,  such  as  filled  areas  near  water,  agri¬ 
cultural  land,  and  woods  and  forest. 
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Consequently,  the  liest  hope  of  workable,  effec¬ 
tive  solutions  lies  in  acquiring  better  knowledge 
of  the  birds  themselves.  Bird-aircraft  collisions 
can  never  be  prevented  entirely  as  long  as  aircraft 
and  birds  aie  in  the  air  together,  but  the  proba¬ 
bility  of  such  collisions  can  be  reduced  markedly. 
As  with  most  conflicts  arising  from  man’s  rela¬ 
tionship  with  his  environment,  answers  can  come 
only  from  better  understanding  of  the  nature  of 
the  problem,  and  from  new  knowledge  provided 
by  scientific  research. 

The  life  sciences  program  of  the  Air  Force 
Office  of  Scientific  Research  has  included  many 
studies  of  bird  metabolism  and  such  activities  as 
breeding  and  nesting,  feeding,  migratory  and 
other  movements,  and  navigation.  Other  research 
has  been  sponsored  on  species  interactions  and 
distributions.  This  long-standing  program  pro¬ 
vides  an  interesting  example  of  the  relevance  of 
basic  research  to  Air  Force  operations,  and  par¬ 
ticularly  of  the  role  of  scientific  research  in  support 
of  a  technology-dependent  and  oriented  organiza¬ 
tion  such  as  the  Air  Force.  While  bird  research 
has  been  at  relatively  modest  program  levels,  the 
scope  has  been  hroad,  and  has  established  the  Air 
Force  as  a  pivotal  point  of  support  in  scientific 
research  related  to  the  collision  problem.  This 
support  also  has  provided  AFOSR,  through  its 
researchers  and  membership  in  interagency  com¬ 
mittees,  with  access  to  the  best  of  current  research 
being  carried  on -by  other  Federal  and  State  agen¬ 
cies,  universities,  and  private  groups.  Dose  co¬ 
ordination  is  effected  with  other  elements  of  the 
Air  Force  through  the  Special  Assistant  for  Nat¬ 
ural  Resources  Conservation,  Deputy,  The  Inspec¬ 
tor  General,  who  provides  scientific  liaison  for  Air 
Force  wildlife  management  problems. 

The  Air  Force  Office  of  Scientific  Research 
supports  research  by  Dr.  William  J.  Hamilton  III 
at  the  University  of  California  at  Davis.  Dr. 
Hamilton  generally  is  studying  the  basic  biology 
of  the  starling,  and  specifically  the  highly  organ¬ 
ized  social  and  group  activity  of  its  flocking, 
travel,  roosting,  feeding,  and  other  activities.  Un¬ 
derstanding  the  entire  ecosystem  of  a  given  species 
makes  it  possible  to  learn  how  to  manipulate  it 
and  other  species  more  successfully.  It  may  be 
said  that  the  problem  of  bird-aircraft  collisions 
is  ultimately  one  of  bin!  ecology. 


'The  starling’s  particular  refuging  and  dis¬ 
persal  activity  offers  insights  into  some  of  the 
! >a, sic  mechanisms  determining  the  movements  of 
birds  in  general.  The  daily  radiative  dispersal 
from  the  roost  is  a  pattern  observed  in  many  ani¬ 
mals  in  which  the  population  occupies  a  concen¬ 
trated  core  area  from  which  they  emerge  and 
radiate  to  nearby  feeding  areas.  Because  starlings 
flock  to  mutual  advantage,  they  do  not  aggressive¬ 
ly  defend  space,  but  concentrate  on  feeding.  The 
same  individual  does  not  go  to  the  same  place 
each  day,  hut  varies  the  location  on  the  basis  of 
past  successes  and  dietary  need. 

Starling  populations  were  traced  by  Dr.  Ham¬ 
ilton  and  his  graduate  students  to  a  giant  roost 
in  the  Sacramento  River,  from  which  the  birds 
radiated  each  day  as  far  as  50  miles,  affecting 
Travis  Air  Force  Rase  as  well  as  McClellan,  near 
Sacramento.  This  50-acre  roost  sheltered  2  million 
starlings  and  about  the  same  number  of  black¬ 
birds.  Checkpoints  at  10-mile  intervals  revealed 
that  concentrations  of  passing  starlings  declined 
gradually  Jo  50  miles  ami  then  tailed  off  sharply. 
The  starlings  were  found  to  adopt  deployment 
strategies  designed  to  use  and  gain  energy  efli 
cientlv.  Birds  which  go  50  miles,  taking  an  hour 
and  40  minutes  each  way,  must  obtain  more  energy 
in  the  form  of  food  tlrnn  those  which  go  only  5 
miles.  However,  the  further  the  bird  disperses, 
the  less  the  eompetition  from  other  stallings,  and 
it  is  abb*  to  gain  available  food  at  a  greater  rate. 
This  balances  the  extra  energy  cost  of  the  greater 
distance  traveled.  At  a  certain  distance,  com  pet  i 
tion  ceases,  and  there  is  no  reason  for  birds  to  go 
further.  Rasie  understanding  of  the  core  as  a  very 
stable,  radiative  system  is  a  major  step  in  lading 
able  to  predict  the  biosystem  problems  that  may 
arise  in  connection  with  bird  dispersal,  and  may- 
make  it  possible  to  cope  with  problems  such  as 
bird-aircraft  collision  in  a  more  effective  fashion, 
or  to  avoid  problems  before  they  arise.  (J) 

Coloration  is  the  major  difference  in  the  heat 
absorption  ability  of  all  animals.  Recent  research 
by  Dr.  Hamilton  and  Frank  Heppner  indicates 
that  an  animal’s  black  color  may  function  pri¬ 
marily  to  promote  the  absorption  of  solar  energy, 
reducing  the  energy  “cost”  of  maintaining  body 
temperature,  and  thus  be  an  important  advantage 
to  an  animal  such  as  the  starling  which  must  work 
hard  by  day,  but  can  seek  shelter  by  night. 

In  an  experiment  to  test  this  view,  white  zebra 
finches'  energy  expenditure  was  measured  with  and 
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without  artificial  sunlight.  Then  the  some  birds 
were  dyed  black  and  a  train  compared.  The  dyed 
birds  under  light  were  found  to  use  an  average  of 
*20  percent  less  energy,  by  measurement  of  their 
oxygen  consumption,  than  when  they  were  white, 
or  when  they  were  either  color  and  lacked  arti¬ 
ficial  sunlight.  Tli*  same  evidence  is  applicable  to 
man.  Dark  skin  coloration  may  increase  the  absorp¬ 
tion  of  solar  radiation  in  situations  where  energy 
must  1m*  expended,  as  at  dawn  and  dusk  in  other¬ 
wise  hot  climates.  H) 

Dr.  Hamilton's  work  also  indicates  that  certain 
aspects  of  bird  population  dynamics  may  1m*  ap¬ 
proached  by  computer  simulation.  These  analyses 
could  le  based  on  available  extensive  banding  and 
recovery  data.  Such  investigations  may  lead  to 
mathematical  models  that  can  dral  with  the  com¬ 
plexity  of  ecological  systems  and  suggest  the  rela¬ 
tive  wisdom  of  various  control  strategies.  By  this 
technique  control  programs  can  be  evaluated  in 
advance  and  their  possible  effect  upon  the  eco 
system  as  a  whole  can  t>e  predicted.  Better  under 
standing  has  been  obtained  of  factors  that  con¬ 
tribute  to  explosive  population  growth  of  a  single 
species,  particularly  among  animals  that  have 
Imm-a  introduced  into  already  established  ecosys¬ 
tems,  as  was  the  starling  in  1  H!H).  The  research 
program  also  indicates  that  there  arc  other  intro¬ 
duced  s|x*cies  that  could  create  greater  problems 
for  aviation  and  agriculture  than  the  starling,  and 
lietter  knowledge  is  needed  to  evaluate  these  species 
and  determine  factors  that  could  trigger  thair 
imputation  growth. 

The  first  working  conference  held  by  ecologists 
on  research  related  to  the  bird  aircraft  collision 
problem  was  sponsored  by  AFOSR.  and  con¬ 
ducted  by  Dr.  Hamilton  at  Davis  31  May  to  3  June 
1966.  Attendees  included  administrators  and  re¬ 
search  scientists  viewing  the  question  from  the 
standpoint  of  the  interlocking  web  of  phenomena 
and  processes  common  to  most  animals.  They 
agreed  that  beyond  the  immediate  scope  of  tactical 
alterations  of  environment  and  birds  nmsi  come  a 
vigorous  and  sustained  effort  involving  long-range 
analyses  of  complete  ecological  systems.  Systems 
analysis,  including  the  interpretation  of  the  role 
and  trends  of  enviromental  manipulation  by  man, 
should  be  considered.,  with  special  emphasis  on  the 
trends  of  bird  populations  that  may  interact  with 
potential  air-travel  operations. 

The  conference  also  advised  that  a  forecast  capa¬ 
bility  be  developed  based  on  studies  of  the  timing 


and  characteristics  of  bird  migration.  Radar 
studies  can  provide  one  basis  for  analysis  of  bird 
movements.  Modern  data  acquisition  and  reduc¬ 
tion  systems  are  required  to  permit  monitoring 
bird  movements  on  a  continental  basis.  By  chal¬ 
lenging  the  problem  with  weather  data,  perhaps 
from  satellites,  by  radar  data,  and  information 
from  birds  that  can  be  monitored  directly,  it 
should  lie  possible  to  interpret  and  predict  periods 
of  maximal  aircraft  hazard  and  the  location  and 
altitude  where  they  are  most  likely  to  occur.  ( 5 ) 

Work  also  has  been  supported  by  AFOSR  on 
the  effects  of  sound  on  bird  flocks.  This  investiga¬ 
tion  has  heen  carried  out  by  G.  W.  Boudreau  of 
Santa  Rita  Technology,  Inc.,  using  blackbird 
flocks.  Birds  have  been  noticed  to  liecome  severely 
disoriented  by  the  sounds  of  jet  engines.  Tests 
were  performed  using  !>oth  jet  engines  and  sounds 
created  in  the  laboratory  front  satistical  analysis 
of  recorded  jet  engine  sounds.  These  were  observed 
to  divert  flocks  of  blackbirds,  causing  string-like 
flocks  to  break  and  sw  irl  in  a  characteristic  whirl¬ 
pool  action.  Some  birds  are  known  to  l*  sensitive 
to  radar  emissions  as  well,  and  both  these  tech¬ 
niques  offer  bird  control  potential. 

To  stimulate  scientific  interest  in  the  bird-air¬ 
craft  collision  problem,  he  well  as  public  under¬ 
standing,  AFOSR  held  an  extensive  display  on  the 
topic  at  the  annua)  meeting  of  the  American  As¬ 
sociation  for  the  Advancement  of  Science,  held 
20-30  December  15H56,  in  Washington,  D.C.  The 
exhibit  was  seen  by  a  major  share  of  the  8,000  uni¬ 
versity,  government,  and  industrial  scientists  and 
engineers  attending,  r.nd  considerable  press,  radio, 
and  TV  coverage  resulted.  Included  :n  the  exhibit 
were  a  number  of  aircraft  parts  damaged  by  bhds, 
together  with  numerous  photographs.  Subse¬ 
quently,  this  display  was  shown  to  Air  Force  Sys¬ 
tems  Command  (RTD)  lab  directors  at  a  special 
briefing  held  for  them  on  the  AFOSR  research 
programs,  and  the  Cniversitv  of  California  at 
Davis  lias  requested  it  for  use  during  its  annual 
open  house. 

A  brochure,  ^Bird/Aircraft  Collisions'’  (fi),  has 
been  provided  both  with  the  exhibit  and  on  request 
to  a  number  of  organizations.  These 'Include  the 
Air  Training  f  'ommand,  which  is  distributing 
(hem  to  each  of  its  bases:  the  Assistant  Surgeon 
General  for  Veterinary  Services,  which  is  sending 
them  to  each  base  medical  and  public  health  unit 
throughout  the  Air  Force:  the  APSC  F-lll  Sys¬ 
tems  Office;  the  National  Research  Council  of 


Canada,  and  a  number  of  foreign  nation  air 
attaches. 

There  is  no  complete  solution  to  the  bird-aircraft 
collision  problem.  Ail  chat  can  be  achieved  is  a 
statistical  solution,  a  reduced  probability  that  such 
collisions  will  occur.  In  all  approaches  to  this  com¬ 
plex  question  we  have  in  fact  reached  the  limits  of 
our  knowledge.  Before  further  progress  can  be 
achieved,  detailed  studies  must  be  made  of  the 
biology  of  species  which  have  become  pests  and 
hazards,  and  of  the  economics  of  controls  suggested 
by  biological  research.  What  most  research  thus 
far  has  shown  is  that  man  can  learn  to  live  with 
the  problem  if  he  can  minimize  it  as  far  as 
practicable. 

The  big  question  mark  is  the  birds  themselves, 
and  much  more  data  is  required,  particularly  of 
bird  migration.  For  example,  the  1960  Maryland 
airliner  crash  was  caused  by  a  whist  ling  swan.  Yet, 
according  to  one  researcher,  virtually  nothing  was 
known  before  the  crash  of  this  bird's  migration  to 
the  Chesapeake  Bay  area,  and  very  little  has  been 
learned  since.  Formerly,  it  was  believed  that  birds 
follow  rather  well-defined  migratory  pathways. 
Now  there  is  increasing  evidence  that  birds  in 
general,  like  aircraft,  fly  the  weather,  taking  ad¬ 
vantage  of  vinds  and  pressure  fronts,  and  shifting 


courses  to  avoid  disturbances  and  unfavorable 
winds.  Thus  migratory  bird  flight  patterns  may 
well  be  open  to  prediction  with  sufficient  biological 
and  weather  information. 

These  are  the  various  facets  of  a  serious  and 
growing  Air  Force  and  general  aviation  operating 
difficulty  that  today  is  only  beginning  to  yield  to 
scientific  investigation,  ami  to  receive  the  public 
concern  it  deserves. 
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A  Whistler  Study  of  the 
Magnetosphere 

Maj.  Frank  II.  Zander 

Whistlers  result  from  the  dispersive  prepays* 
tion  over  very  long  paths  of  very-low  frequency 
electromagnetic  waves  radiated  by  lightning  im¬ 
pulses.  The  signals  follow  approximately  the 
horseshoe-shaped  paths  of  the  earth’s  magnetic 
field  lines.  Whistlers  echo  from  one  hemisphere 
to  the  other  via  the  outer  ionosphere  extending 
from  about  100  kilometers  to  roughly  10  earth 
radii  in  the  geomagnetic  equatorial  plane. 

When  detected,  amplified,  and  monitored  au¬ 
rally,  a  whistler  is  heard  as  a  gliding  tone,  usually 
descending  in  frequency  and  lasting  about  a  sec¬ 
ond.  The  peculiar  frequency  versus  time  behavior 
of  whistlers  is  the  result  of  dispersion  produced 
along  the  whistler  path  by  the  effect  of  free  elec¬ 
trons  acting  in  the  presence  of  the  earth’s  magnetic 
field. 

The  originating  flash  that  produces  a  whistler 
also  radiates  an  impulsive  signal  that  travels  with¬ 
out  dispersion  between  the  earth  and  the  lower 
boundary  of  the  ionosphere.  Since  this  signal,  the 
causative  atmospheric,  propagates  at  the  speed  of 
light  and  appears  on  the  spectrographic  records 
along  with  the  resultant  whistler,  it  serves  as  an 
indication,  accurate  to  within  several  milliseconds, 
of  the  time  of  origin  of  the  whistler.  Whistlers  are 
detected  and  recorded  both  in  the  hemisphere  of 
the  originating  flash  and  in  the  opposite  hemi¬ 
sphere.  In  the  latter  case  the  causative  atmospheric 
signal  travels  thousands  of  miles  and  appears 
weakly  defined  but  still  indicates  the  time  of 
whistler  origin  accurately. 

Several  aspects  of  whistler  spectrographs  are 
extremely  important  to  geophysicists.  The  time 
delay,  that  time  between  the  causative  atmospheric 
signal  and  the  leading  edge  of  the  whistler  signal, 
is  a  measure  of  both  the  magnetospheric  path 
electron  density  and  the  strength  of  the  earth’s 
magnetic  field  encountered.  The  leading  edge  of 
the  whistler,  that  tone  initially  recorded,  serves  as 
an  indicator  of  the  geomagnetic  latitudes  at  which 


the  whistler  entered  and  exited  the  magneto¬ 
sphere.  As  the  magnetosphere  is  inaccessible  by 
conventional  sounding  techniques,  the  whistler 
has  become  a  powerful  tool  for  investigating  vari¬ 
ous  aspects  of  this  enormous  region  of  space.  It 
is  suspected  that  the  magnetosphere  plays  a  vital 
role  in  the  development  of  magnetic  storms  and 
auroras,  the  details  of  which  still  remain  among 
the  outstanding  mysteries  of  the  atmosphere. 

Whistlers  were  first  reported  in  15)19  by  Bark- 
hausen  who  observed  them  while  eavesdropping  on 
Allied  telephone  conversations  during  World  War 
I.  They  may  actually  have  been  observed  as  early 
as  1S88  by  J.  Fuchs  of  the  Sonnblick  High  Alti¬ 
tude  Observatory  in  Austria.  The  association  of 
whistlers  with  various  atmospheric  phenomena 
and  a  |*ositive  correlation  between  their  rate  of 
occurrence  and  solar  activity  were  reported  by 
Eckersley  of  the  Marconi  Co.  in  192$.  Eckersley 
also  reported  an  observation  by  Tremcllen  indi¬ 
cating  an  assoi  iation  of  whistlers  with  visible 
lightning.  The  first  quantitative  measurement  of 
the  frequency-time  relationship  in  a  whistler  was 
made  and  reported  in  1933  by  Burton  and 
Boardman  from  a  whistler  recorded  in  Ireland. 
Eckersley,  in  1935,  derived  a  dispersion  law  which 
explained  the  variation  of  whistler  frequency  with 
time  and  demonstrated  that  Burton  and  Board- 
man's  published  analysis  agreed  closely  with  the 
new  theory. 

Interest  in  whistlers  then  lagged  for  about  15 
years  until  Storey  began  his  doctoral  studies  at 
Cambridge  in  1951.  He  made  a  detailed  experi¬ 
mental  study  of  whistlers  and  related  atmospheric 
signals,  and  identified  short  whistlers  which  were 
not  associated  with  loud  clicks  (causative  atmos¬ 
pherics)  and  long  whistlers  which  were  always 
preceded  by  a  loud  click.  From  spectrum  analysis, 
Storey  showed  the  difference  between  multiflash 
whistlers,  each  of  which  resulted  from  separate 
causative  atmospherics,  and  multiple-path  whis¬ 
tlers  which  resulted  resulted  from  a  single  causa¬ 
tive  atjnospheric  but  traversed  separate  paths  of 
propagation.  From  a  theoretical  study  of  ray 
paths,  Storey  discovered  that  whistler  energy 
should  be  guided  approximately  by  the  lines  of 
force  of  the  earths  magnetic  field.  This  led  him 
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to  postulate  that  these  were  indeed  the  paths  of 
propagation. 

The  simultaneous  observations  of  whistlers  at 
spaced  stations  was  begun  by  R.  A.  Hell i well  in 
1951  at  Stanford  and  Seattle.  About  25  percent  of 
the  whistlers  observed  were  coincident  at  the  two 
stations,  whose  separation  of  1120  kilometers  cor 
responded  to  the  area  coverage  predicted  by 
Storey.  His  predicted  relationship  between  causa¬ 
tive  atmospherics  in  the  Southern  Hemisphere  and 
short  whistlers  in  the  Northern  Hemisphere  was 
confirmed  by  Hetliwell  in  1954.  Simultaneous  ob¬ 
servations  of  whistler  echo  trains  at  Unalaska  and 
at  Wellington  and  Dunedin.  New  Zealand,  near 
its  geomagnetic  conjugate  |>oint,  were  made  in  1955 
by  Morgan  and  Allcock.  Their  results  fully  con¬ 
firm  the  predicted  behavior.  The  predicted  absence 
of  whistlers  on  the  geomagnetic  equator  was  con¬ 
firmed  by  Roster  and  Storey  in  1955. 

AFOSR  began  support  of  Heltiwell  at  Stanford 
in  1956.  The  numerous  results  are  of  continuing 
importance  to  both  the  scientific  and  military 
communities.  With  a  theory  of  propagation  de¬ 
veloped  by  J.  ,1.  Brandstatter  and  a  set  of  calcu¬ 
lations  of  whistler  ray  paths  formulated  by  Irving 
Yabroff  (both  of  the  Stanford  Research  Institute), 
a  basis  was  provided  for  explaining  the  absence 
(nondetection)  of  whistlers  which  propagate  into 
the  ionosphere  along  paths  which  are  not  alined 
with  the  earth's  magnetic  field.  The  new  theory- 
predicted  that  such  signals  may  deviate  appre¬ 
ciably  from  preferred  directions  and  be  un¬ 
favorably  oriented  for  repenetration  of  the 
subionospheric  region.  Such  whistlers  would  not 
be  exjiec.ted  to  be  observed  at  ground  stations.  This 
theory  is  well  supported  by  observations  of  arti¬ 
ficially  triggered  whistler  signals. 

A  study  of  whistler  sources  was  based  on  the 
impulses  produced  by  nuclear  explosions.  From 
1953  to  1962  Stanford  made  broadband  very  low 
frequency  recordings  during  detonations  of  a  large 
lumber  of  nuclear  devices.  In  five  oases  a  bomb- 
excited  whistler  was  recorded  at  one  or  more  re¬ 
ceiving  stations.  It  was  found  that  nuclear  sources 
produce  whistlers  similar  in  all  measurable  re¬ 
spects  to  those  produced  by  natural  lightning  and 
that  a  whistler  can  la?  excited  by  a  nuclear  explo¬ 
sion  located  in  the  hemisphere  opposite  to  that  of 
the  entrance  to  the  whistler  path.  It  was  also  dis¬ 
coverer!  that  nuclear  explosions  which  take  place 
above  the  lower  edge  of  the  ionosphere  produce 
signals  similar  to  those  arising  from  subiono¬ 


spheric  explosions.  This  meant  that  the  source  of 
the  electromagnetic  impulse  was  in  fact  between 
the  earth  and  the  ionosphere  and  not  at.  the  location 
of  the  bomb  i*eelf. 

In  1959  a  theory  was  developed  by  R.  L.  Smith, 
Helli well,  and  I.  Yabroff  regarding  the  trapping 
of  whistlers.  This  important  work  postulate*!  that 
a  slight  (5  to  10  percent)  increase  in  the  density 
of  electrons  in  columns  alined  with  the  earth's 
magnetic  field  was  sufficient  to  trap  completely  the 
waves  entering  the  ionosphere  from  the  middle 
geomagnetic  latitudes,  hence  under  certain  condi¬ 
tions  whistlers  would  travel  in  preferred  or  dis¬ 
crete  paths.  The  concept  of  the  discrete  path  led 
to  a  reexamination  of  data  recorded  during  the 
IGY.  A  search  was  conducted  for  “hybrid’’  whis¬ 
tlers,  those  which  had  been  excited  from  both  ends 
of  one  of  the  |>ostulated  paths.  Several  examples 
of  hybrid  whistlers  were  found.  The  theory  was 
further  confirmed  by  the  relatively  precise  data 
obtained  from  two  of  the  nuclear  explosions. 

The  analysis  of  whistler  sj>eetra  themselves  pre¬ 
sented  many  problems.  The  most  difficult  was  the 
identification  of  the  atmospheric  source.  Methods 
based  on  the  use  of  multiple  records  and  multiple 
stations  were  develojied  whereu|>on  it  became  pos¬ 
sible  to  achieve  a  relatively  high  degree  of  reli¬ 
ability  in  the  identification  of  the  source.  Further, 
this  correlation  of  data  led  to  the  remarkable  dis¬ 
covery  that  each  whistler  trace  provided  sufficient 
information  to  define  the  latitude  of  the  magneto- 
spheric  path  and  one  parameter  describing  the  dis¬ 
tribution  of  ions  and  electrons  along  the  path. 
Many  such  measurements  taken  at  different  lati¬ 
tudes  provided  a  basis  for  constructing  a  model  of 
the  magnet ospherio  electron  density  distribution. 

A  major  accomplishment  by  Angerami  and 
Carpenter,  under  AFOSR  support,  was  the  first 
description  of  the  detailed  variation  of  electron 
density  and  total  tube  (field  alined  column) 
electron  content  near  the  “knee",  a  region  where 
the  electron  density  drops  from  relatively  high  to 
extremely  low  values.  For  the  first  time  it  was 
realized  that  the  knee  involves  an  extremely  abrupt 
decrease  in  electron  density  and  that  this  decrease 
is  essentially  field  alined  at  about  four  earth  radii. 
This  implies  the  existence  of  a  three-dimensional 
boundary  or  “plasmapause”  in  the  magnetosphere, 
a  doughnut-like  shell  extending  around  the  earth 
and  separating  a  dense  inner  region  from  a  tenu¬ 
ous  outer  region.  The  presence  of  such  an  abrupt 
three  dimensional  boundary  came  as  a  total  sur- 
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prise  to  scientists  since  no  previous  theory  had 
predicted  its  existence.  Recently  there  has  lieen 
confirmation  of  the  plasmapause,  from  satellite  ex¬ 
periments.  Measurements  show  that  on  the  night  - 
side  of  the  equatorial  plane,  the  plasmapause 
electron  density  changes  by  a  factor  of  20  to  100 
within  the  relatively  short  distance  of  0.15  earth 
radii.  Further  analysis  shows  that  this  abrupt 
profile  is  normally  unchanged  for  about  18  hours 
jter  day,  there  iteing  a  fi-hour  period  of  rapid  radial 
variation  and  less  precise  definition. 

The  more,  precise  description  of  the  plasma- 
pause  now  makes  it  possible  to  identify  major 
regions  of  geophysical  activity  in  the  magneto¬ 
sphere,  i.e.,  the  plasmapause  is  also  a  boundary- 
defining  certain  regions  of  noise  generation  both 
in  the.  ionosphere  and  the  magnetosphere.  Passage 
through  the  plasmapause  involves  drastic  varia¬ 
tion  in  the  noise  detected  by  certain  types  of  space¬ 
craft  antennas  recording  at  very  low  frequencies 
and  also  affects  the  interpretation  of  certain  on¬ 
board  sensors.  The  improved  knowledge  of  the 
plasmapause  provides  a  new  viewpoint  on  the 
coupling  between  the  ionosphere  and  the  region 
above. 

Of  no  less  significance  is  the  discovery  that 
whistlers  can  be  used  to  detect  magnetospheric 
motions.  There-  exists  no  experimental  method 
other  than  whistlers  to  map  magnetospheric  mo¬ 
tions  on  a  large  scale.  The  -whistler  technique  has 
provided  the  first  direct  experimental  evidence 
that,  the  inner  magnetosphere  approximately  co¬ 
rotates  with  the  earth.  Recent  studies  have  also 
shown  that,  as  predicted  by  theory,  there  are  radial 
motions  in  the  outer  magnetosphere,  driven  hv 
large-scale  electric  fields.  A  number  of  measure¬ 
ments  have  been  made  of  these  motions,  revealing 
inward  motion  of  plasma  on  the  nightside  of  the 
earth  «"d  outward  motion  on  the  dayside.  A  con¬ 
tinuation  of  these  studies  should  make  it  jmssible 
to  establish  an  important  link  between  the  solar 
wind,  the  corpuscular  flow  from  the  sun,  and  the 
inner  magnetosphere. 

One  of  the  most  spectacular  areas  of  growth  in 
whistler  research  concerns  the  general  theory  of 
electromagnetic  signal  propagation  in  a  medium 
such  as  the  ionosphere,  containing  electrons,  pro¬ 
tons,  and  other  species  of  charged  particles.  From 
a  beginning  in  19<H  on  a  number  of  individual 
topics,  Helliwell  has  developed  an  overall  theoreti¬ 
cal  understanding  that  makes  it  possible  for  hint 
to  explain  a  wide  range  of  phenomena,  including 


proton  whistlers,  the  low  frequency  cutoff  of  com¬ 
mon  whistlers,  and  some  anomalous  behaviors  of 
whistlers.  The  success  of  the  overall  theory  in  ex¬ 
plaining  new  phenomena  has  led  to  active  pro¬ 
grams  of  study  at  the  Defence  Research  Telecom¬ 
munications  Establishment  in  Ottawa,  Car  let  on 
University  (also  Ottawa),  and  the  State  Univer 
sity  of  Iowa. 

An  important  extension  of  previous  ground- 
based  observations  was  the  recent  experiment  of 
Stanford  University  on  the  OGO-1  satellite  which 
provided  measurements  of  whistler  mode,  signals 
in  the  outer  ionosphere  at  altitudes  greater  than 
1,000  kilometers.  These  new  data  yield  information 
on  total  path  attenuation  rates.  It  is  believed  that 
this  research  will  he  of  value  in  determining  the 
usefulness  of  whistler  inode  propagation  as  a 
means  of  communication. 

As  man  seeks  to  flv  higher  and  communicate 
further,  the  scientist  strives  to  gain  a  better  under¬ 
standing  of  the  magnetospheric  medium-its  physi¬ 
cal  composition,  its  predictable  time  variations, 
and  its  anomalous  behaviors.  The  whistler  pro¬ 
vides  a  means  for  attaining  this  goal. 
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A  New  Dimension  in  Hypersonic 
Laboratory  Simulation — The 
Wave  Superheater  Hypersonic 
Tunnel 

MlLTO.V  Roc  EES 

As  children  we  learn  that  shooting  stars  are 
actually  small  meteorites  burning  and  evaporating 
as  they  fall  at  hypersonic  velocities  into  the  earth's 
dense  atmosphere.  Today,  the  problems  of  hyper¬ 
sonic  flight  through  the  atmosphere  present  great 
challenges  to  man’s  ingenuity. 

An  intercontinental  ballistic  missile,  for  ex¬ 
ample,  enters  the  atmosphere  at  the  end  of  its  flight 
path  with  sufficient  kinetic  energy  to  vaporize  10 
times  its  weight  in  water.  If  such  a  body  is  to  sur¬ 
vive  atmospheric  reentry,  most  of  its  energy  must 
be  tranferred  to  the  surrounding  air.  Successful 
reentry  depends  upon  a  delicate  balance  between 
heat  absorption  and  dissipation  (1 ) . 

The  history  of  applied  science  and  engineering 
is  really  a  history  of  simulation — searching  for 
methods  of  observing  a  priori  the  behavior  of  en¬ 
gineering  systems  and  of  varying  the  parameters 
of  such  systems  in  order  to  seek  optimum  results. 
The  approach  of  the  pure  scientist  seeking  to  ex¬ 
plain  observable  phenomena  likewise  leans  heavily 
on  simulation  and  analogs  (2) .  Thus  from  the  days 
of  Kitty  Hawk  to  the  mid-1950’s  man’s  explora¬ 
tions  and  conquests  in  flight  were  normally 
preceded  by  extensive  ground  test  evaluation  of 
the  flight  vehicle.  Aerodynamic  stability,  perform¬ 
ance,  structural  and  material  strength  were  among 
the  many  factors  realistically  simulated  on  the 
ground  (<?) .  However,  when  jet  propulsion, 
through  its  ability  to  provide  great  power  in  a 
small  package,  exploded  the  power  barrier  to  high 
velocities  it  was  found  that  the  available  ground 
test  facilities  proved  inadequate  to  realisitically 
c  :nulate  the  hyperthermal  environment  character¬ 
istic  of  very  high  speed  passage  of  a  body  through 
the  atmosphere  (4). 

It  is  obvious  that  the  most  direct  way  of  testing 
a  machine,  particularly  a  missile  or  an  aircraft,  is 
to  build  a  prototype,  fly  it  and  observe  its  behavior 
by  techniques  involving  telemetiy  and  recovery 
after  each  test.  This  is,  however,  a  tedious,  costly 
and  frequently  frustrating  procedure,  and  al¬ 


though  this  direct  approach,  circumventing  the 
need  for  simulation,  is  costly  in  time  and  money, 
much  flight  research  and  development  was  suc¬ 
cessfully  acccnplished. 

With  increased  velocities  of  atmospheric  flight 
testing  came  a  host  of  concommitant  problems: 
telemetry  blackout  from  the  ionized  plasma 
sheathing  the  vehicle,  heating  of  structural  ma¬ 
terials,  degration  of  stability  and  control  by 
ablation,  and  loss  of  visual  contact  with  vehicles 
because  of  the  radiance  of  the  boundry  layer  and 
wake.  Moreover,  mistakes  of  procedure  usually 
destroyed  the  effectiveness  of  the  test  or  the  vehicle 
itself.  If  the  conditions  of  hypersonic  flight  could 
l>e  brought  into  the  laboratory,  scientists  and  engi¬ 
neers  would  have  instruments  to  study  the  prob¬ 
lems  directly. 

Hypertonic  Simulation 

The  chief  tool  of  the  aeronautical  engineer  for 
the  study  of  flight  is  the  wind  tunnel.  By  use  of 
the  converging-diverging  nozzle,  expansion  of  a 
test  gas  to  supersonic  velocities  in  the  laboratory 
can  be  readily  achieved.  However,  great  cooling 
occurs  in  expanding  gases  to  the  very  high 
velocities  required  for  simulation  of  hypersonic 
flight.  Cooling  is  so  severe  that  actual  condensa¬ 
tion  of  the  air  to  a  fog  of  liquid  air  may  occur.  To 
delay  this  condensation,  the  air  must  be  heated 
before  it  is  expanded.  However,  the  amount  of 
heating  for  the  expansion  necessary  to  reach  these 
extreme  velocities  without  liquifnetion  produces 
gas  temperatures  higher  in  the  plenum  than  the 
melting  point  of  practical  materials. 

Further,  temperatures  required  to  simulate  true 
free  flight  approach  those  of  the  sun  surface.  At 
mach  16  at  60,000  feet,  temperatures  of  about 
6,000°  K.  exist  at  the  nose  of  a  missile.  A  com¬ 
pletely  new  concept  of  wind  tunnel  was  required 
to  study  hypersonic  flight. 

The  question  might  be  asked  why  such  high 
temperatures  must  be  simulated.  Does  the  tempera¬ 
ture  of  the  gas  itself  affect  the  proposed  design? 
The  answer  is  yes:  at  the  temperatures  en¬ 
countered,  near  the  body  of  a  missile,  air  is  no 
longer  an  ideal  gas.  It  breaks  down  from  a  rela¬ 
tively  simple  mixture  of  nitrogen  and  oxygen 
molecules  to  nitrogen  and  oxygen  atoms  and  mole¬ 
cules,  oxides  of  nitrogen,  ions,  and  electrons.  These 
constituents  directly  affect  the,  aerodynamics  and 
raise  many  new  problems  in  the  proposed  design. 
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Since  true  hypersonic  flight  is  to  he  studied,  it  has 
Ixvn  necessary  to  find  lechniipies  to  simulate  these 
conditions  in  the  laboratory.  I n  recent-  years  the 
rest'ti rcher  has  lieen  offered  a  relatively  simple  tool 
which  creates  these  conditions  in  the  laboratory 
for  a  brief  instant.  This  dev>ce  is  r lie  -hock  tube. 

Like  many  filings  which  we  regard  as  the  latest 
innovation,  it  is  actually  quite  an  old  discovery 
dating  back  to  189!).  However,  its  potentialities 
for  heating  gases  to  extremely  high  temperatures 
have  been  exploited  only  recently.  It  has  been  es¬ 
tablished  by  several  scientific  research  groups  that 
temperatures  even  higher  than  three  times  that  of 
the  surface  of  the  sun  may  he  achieved  in  the 
shock  tube. 

Essentially  the  shock  tube  consists  of  a  rela¬ 
tively  long  pipe  divided  into  two  parts,  the  low- 
pressure  ami  high-pressure  chamlter.  When  the 
e.\|X'riment  is  ready  to  proceed,  a  thin  diaphragm 
which  separates  the  high  pressure  and  low-pres¬ 
sure  regions  is  destroyed.  Driver  gas'  in  the. 
high-pressure  chamber  (hen  explosively  rushes 
into  t lie  low-pressure  chamber  forcing  the  gas  in 
the  low-pressure  ehanrber  to  compress  suddenly, 
and  a  shock  wave  develops  in  this  gas. 

This  shock  wave  speeds  down  the  tube  ahead  of 
the  onrushing  driver  gas,  compressing  and  ac¬ 
celerating  the  gas  in  the  low-pressure  tube.  If 
high  enough  pressure  is  used  in  the  driver  gas, 
an  extremely  strong  shock  ware  can  be  generated. 
If  the.  tube  car.  he  made  long  enough  (in  some 
practical  applications  tubes  of  over  50  feet  in 
length  have  i>een  employed),  a  “pocket"  of  gas 
which  increases  in  size  with  the.  length  of  the  shock 
tube  develops  ahead  of  the  rushing  driver  gas. 

Temperatures  far  in  excess  of  those  needed  for 
hypersonic  flight  testing  may  be  generated  in  this 
pocket.  The  temperature,  pressure  and  velocity  of 
the  gases  in  the  shock  tube  may  be  known  to  con¬ 
siderable  accuracy.  This  point  is  important  in  pre¬ 
cise  physical  measurement.  However,  the  gas  is 
still  not  useful  for  hypersonic  testing,  for  while 
it  is  very  hot  its  much  numljer  is  low,  usually  lre- 
tween  two  and  three,  since  the  s[>eed  of  sound 
increases  with  increasing  temperature. 

An  expanding  nozzle  at  the  end  o*  the  shock 
tube  allows  tit  '  gas  to  expand  to  the  pro[KT  mac’, 
number.  Expansion  cools  the  test  sect  ion  to  the 
desired  level  as  the  gas  accelerates.  Thus  the  gas 
in  the  test  section  may  simulate  the  conditions  of 
free  hypersonic  flight  in  tlm  upper  atmosphere. 
This  device  is  called  a  shock  tunnel. 


Temperature,  Ixscause  of  the  aerophysics  in- 
v  .ed,  is  by  no  means  the  only  important  simula- 
t  i  parameters  in  hyjrersonic  research.  In  most, 
in-iances,  pressure  and  density  simulation  are 
equally  important.  In  these  respects  too  the  shock 
tunnel  is  outstanding,  since  after  expansion  of  the 
shock  heated,  shock  compressed  gas  through  a 
hypersonic  nozzle  to  a  test  section,  it  has  sufficient 
pressure  ai.d  density  to  simulate  correctly  many 
hypersonic  flight  condit  ions. 

The  chief  drawback  to  the  shock  tunnel,  as  with 
“hot -shot"  tunnels,  is  the  brief  testing  time,  avail¬ 
able  (of  the  order  of  milliseconds). 

Hyp*r*onic  fat)  FadliHtt 

Not  only  is  the  hypersonic  regime  more  difficult, 
to  simulate  than  the  subsonic  and  supersonic 
regimes,  but  there  is  also  an  essential  difference 
in  the  application  of  test  results  to  the  actual 
vehicle.  In  the  subsonic  and  supersonic  flight 
regimes,  extrapolation  of  the  results  of  scale-model 
wind  tunnel  testing  to  an  actual  vehicle  has  been 
accomplished  very  successfully  by  means  of 
aerodynamic  scaling  laws.  In  the  hypersonic 
regime,  however,  the  aerodynamic  scaling  laws  are 
more  complex  and  often  secondary  to  other  aero- 
physical  effects. 

To  complicate  matters,  these  effects  cannot  be 
scaled  in  thp  same  maimer.  Thus  the  theorists  must 
learn  how  to  evaluate  correctly  the  aerophysical 
effects  in  which  they  are  interested,  using  one  oi 
several  lest  facilities.  Then  they  must  predict 
composite  effects  on  a  vehicle  under  actual  trajec¬ 
tory  conditions. 

Until  the  development  of  the  wave-superheater 
facility  at  Cornell  Aeronautical  Laboratory 
(CAL)  the  aerodynamic  and  aerostructural  prob¬ 
lems  of  very  high  speed  vehicles  had  been  investi¬ 
gated  in  bits  and  pieces.  No  single  test  facility  had 
bren  able  to  simulate  completely  a  hypersonic  air- 
stream  so  that  a  relatively  large-scale  model  could 
lie  studied  in  detail  at  close  range  for  relatively 
long  times  under  precisely  controlled  conditions, 
Epson  rollers  had  to  laboriously  piece  together  bits 
of  isolated  data  to  form  a  “grossly  correct"  picture 
of  hypersonic  flight.  The  wave  superheater  now 
provides  a  means  of  gutting  much  more  detailed 
information. 

Hypersonic  test  facilities  currently  in  operation 
fall  into  four  general  classes  (Vi). 


“Cold”  hypersonic  shock  tunnels,  in  which  a 
high-pressure  gas  drives  a  shock  wave  through  a 
monatomic  gas  such  as  helium,  create  a  hypersonic 
flow  condition  over  a  model  for  a  few  thousandths 
of  a  second.  Mach  numbers  of  '20  to  25  can  be 
aehie,ved  in  these  tunnels.  They  are  valuable  in 
fundamental  studies  involving  phenomena  such  as 
the  interactions  between  the  boundary  layer  and 
the  shock  waves  on  :>  vehicle.  Their  great  limitation 
is  that  they  do  not  produce  the  proper  “real  gas" 
effects,  because  their  atmosphere  is  monatomic, 
with  only  one  atom  per  molecule.  Air,  the.  gas  in 
which  we  are  practically  interested,  is  diatomic, 
with  its  molecule  shaped  like  a  dumbell.  When  it 
is  heated,  the  air  molecule  not  only  moves  about 
rapidly,  but  also  absorbs  considerable  energy  by 
spinning.  At  some  point  enough  energy  is  absorbed 
to  break  up  the  molecule  into  separate  atoms. 
Finally  the  atoms  become  ionized  when  an  electron 
is  broken  away.  These  “real  gas”  effects,  which 
alter  the  heat  transfer  characteristics  of  the  airflow 
and  cause  chemical  reactions  (erosion)  between  the 
air  and  a  vehicle's  surface,  are  the  primary  differ¬ 
ence  between  h^iersonic  and  the  slower-speed 
flows. 

Heated  nitrogen  tunnels,  simulate  the  flow  of 
air  more,  closely  than  does  the  helium  tunnel.  These 
facilities  operate  with  a  stagnation  gas  tempera¬ 
ture  of  around  4,000°  F. 

“Ho*”  hypersonic  shook  tunnels  use  air  as  the 
working  atmosphere  and  “real  gas"  effects  are 
produced.  The  maximum  test  mach  number  of  most 
of  these  facilities  is  10  to  12,  but  some  reach  mach 
17  or  so.  Testing  time  in  this  type  of  tunnel  is 
measured  in  thousandths  of  a  second,  as  it  is  in  the 
“cold”  tunnels,  but  this  is  long  enough  to  record 
very  accurate  force  and  moment,  data,  dynamic 
stability  information,  and  heat-transfer  measure¬ 
ments.  Fast  response  pressure  transducers,  ther¬ 
mocouples,  and  other  sophisticated  instrumenta¬ 
tion  have  been  in  operation  long  enough  to  build  up 
an  unassailable  performance  record.  The  larger 
“hot”  shock  tunnels  have  test,  sections  around  6  feet 
in  diameter,  and  they  will  accommodate  fairly 
large  models.  The  stagnation  temperature  of  the 
air  in  these  tunnels  is  9,000°  F.  or  more.  The  great 
limitation  of  these  facilities  is  their  short  test  time, 
which  does  not  allow  a  study  of  air  chemistry, 
structun  1  ablation,  and  the  effect  these  have  on 
thickening  the  boundary  layer,  altering  the  heat- 


transfer  characteristics,  or  otherwise  disturbing 
the  flow  around  a  vehicle. 

Arc- jet-  tunnels  produce  a  very  high  energy, 
high-temperature  flow  for  many  seconds  at  a  time. 
They  are  widely  used  to  study  structural  ablation, 
heating  effects  in  large  segments  of  actual  struc¬ 
ture,  and  the.  properties  of  materials  in  high-tem- 
]>erature  air  streams.  These  facilities  will  accom¬ 
modate  large,  models  and  will  reproduce,  the 
temperature  and  bent  transfer  conditions  which 
will  he  encountered  by  many  typos  of  reentry 
vehicles  over  a  large  portion  of  their  reentry  flight 
paths.  The  limitation  of  the  arc-jet  tunnels  is  that 
their  gas  streams  are  contaminated  when  their 
electrodes  bum  away.  The  exact  chemistry  of  their 
flow  is  not  known  at  any  given  point  at  any  given 
time.  Therefore,  there  is  always  a  question  as  to 
whether  the  “real  gas”  chemistry  is  being  simu¬ 
lated  accurately. 

Each  of  these  devices  lias  a  serious  test  inade¬ 
quacy  in  either  time,  pressure,  or  medium  when 
compared  to  hypersonic  ground  simulation  re¬ 
quirements. 

Wave  Superheater  Development 

The  idea  of  using  the  wave  engine,  the  so-called 
COMPREX  (6\  7)  originally  proposed  by  the 
Brown-Bovari  ('o.,  as  the  hot  gas  source  of  a  wind 
tunnel  (#)  was  born  at  the  ('cruel  1  Aeronautical 
Laboratory  in  the  late  1950's.  The  potential  capa¬ 
bility  of  this  device,  for  producing  large  flow  rates 
of  high  energy,  high  pressure,  pure  air  cn  a  con¬ 
tinuous  basis  was  realized  from  the  beginning  and 
was  the  intent  of  the  program. 

The  uurly  calculations,  performed  as  an  internal 
research  effort,  at  CAL,  showed  such  promise  that 
the  AFOSR  sponsored  a  program  (February 
1956-Octolier  1958)  to  build  and  evaluate  a  small 
prototype  device.  A  pilot  wave  superheater,  dubbed 
Little  Kollo  and  designed  to  heat,  air  to  3, 000°  R. 
(or  argon  to  5,500°  R.),  was  built-  and  tested  (9). 
It  is  interesting  to  note  that  the  first,  run  with 
Little  Hollo  yielded  more  shock  tube  flow  time 
than  had  been  obtained  with  all  the  shock  tubes  in 
the  world  up  to  that  time. 

The  success  of  Little  Kollo  prompted  the  Air 
Force  Office  of  Scientific  Research  to  initiate  a 
full-sized  wave  superheater  program  (November 
1956-May  1958).  The  wave  superheater  was  de¬ 
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signed  to  hent  air  to  9,000°  R.  using  supply  air 
and  driver  helium  preheaters.  The  AFOSR  eon- 
tract  funded  the  cycle  design,  the  rotor  design  and 
the  design  and  purchase  of  the  pehble  bed  supply- 
gas  preheaters.  These  programs  validated  the  basic 
principles  and  resulted  ir.  the  decision  in  195!*  by 
the  Advanced  Research  Projects  Agency  to  spon¬ 
sor  fusing  AEDC  as  the  responsible  agency) 
design  and  construction  of  the  full-scale  wave 
superheater  hypersonic  tunnel  at  the  Cornell 
Aeronautical  Laboratory  (10,  11).  This  facility 
was  operational  in  1962  and  at  present  is  operated 
by  Cornell  Aeronautical  Laboratory-  on  a  use- 
charge  basis. 

Today,  the  wave  superheater  delivers  a  270 
megawattsecond  stream  of  pure  air  at  pressures 
up  to  100  atmospheres  for  test  periods  of  15  seconds 
three  times  a  day,  to  a  hypersonic  tunnels  system. 
Tests  in  the  tunnels  can  be  conducted  with  wind 
speeds  up  to  7,500  miles  per  hour  (11,000  ft, /sec.) 
over  a  density  altitude  range  from  50,000  to  200, 
00C  feet  using  models  from  1.5  to  15  inches  in 
diameter.  The  value  in  a  ground  test  facility  of 
this  kind  is  that  the  gasdynamie,  thermal,  plasma, 
and  optical  mechanisms  active  in  hypersonic 
flight  situations  are  recreated  on  the  ground  for 
experimental  examination,  for  sufficient  duration 
to  establish  the  conditions  of  equilibrium  needed 
to  'check  aerodynamics,  aerophysical,  and  aero- 
structural  interactions. 

The  wave  engine  as  conceived  by  the  Brown  - 
Bovari  Co.  of  Switzerland  in  its  COMPREX 
pressure  exchanger  is  basically  a  compressor.  The 
wave  superheater  is  also  a  compressor  wherein 
modem  shock  tt.be  technology  has  been  applied 
to  a  large  number  of  shock  tubes  mounted  on  a 
rotating  drrm.  The  essential  feature  of  a  shock 
tube  is  that  a  very  high  speed  gas  piston  dot*-' 
acceleration  and  compressive  work  on  a  working 
gas.  In  a  shock  tube,  this  event  happens  once, 
initiated  by  the  rupturing  of  a  diaphragm  hence 
releasing  the  high  pressure  piston  or  driver  gas, 
and  the  flow  time  of  a  shock  tunnel  is  in  the  micro- 
to  millisecond  range.  The  energy  pressures,  flow¬ 
rates,  and  gas  purity  are  ideally  suited  however 
for  simulating  hypersonic  flight,  but  the  test  dura¬ 
tion  is  extremely  short.  The  problem  is  then  lo 
extern!  the  duration  while  maintaining  the  realized 
gas  condition.  The  COMPREX  concept  introduces 
the  idea  of  rapidly  inserting,  between  the  driver 


gas  supply  and  the  hypersonic  nozzle,  the  shock 
tulie  driven  section.  In  the  wave  superheater,  this 
is  achieved  by  replacing  the  driven  tube  with  a 
rotor  which  transports  288  driven  tubes.  At  a  high 
rotational  speed,  the.  rotor  replaces  the  driven 
tube,  preloaded  with  air,  at  a  rate  of  6,000  to  10,000 
per  second.  As  it  turns  out,  al>out  10  shock  tubes 
are  functioning  simultaneously,  with  each  shock 
wave  about  6  inches  behind  the  one  adjacent  to  it. 
Each  shock  heated  parcel  of  air  is  longer  than  12 
inches  so  that  the  parcels,  as  they  emerge  from 
the  rotor,  lay  along  side  each  other  ( fig.  10) .  Since 
the  only  disturbance  in  the  flow  is  the  tube  bound¬ 
ary  layer,  the  flow  is  steady  and  rapidly  becomes 
smooth  as  the  flow  expands  in  the  nozzle  (fig.  11). 
The  fore  and  aft  ends  of  the  individual  parcels 
are,  of  course,  appropriately  disposed  of  and  are 
not  included  in  the  nozzle  flow.  After  a  tube  has 
discharged  its  contents,  it  receives  a  coolant  fol¬ 
lowed  by  another  charge  of  air  as  it  returns  to 
the  shock  event.  The  cycle  currently  employed  in 
the  wave  superheater  is  capable  of  continuous 
operation.  However,  the  tremendous  consumption 
of  preheated,  pressurized  gas  (50  pounds  per  sec¬ 
ond  of  helium  and  12  pounds  per  second  of  air) 
restricts  the  maximum  duration  to  15  seconds.  Four 
hours  are  then  required  to  reactivate  the  system. 
The  wave  sujterheater  can  process  any  gas  and 
deliver  the  processed  gas  pure  and  in  chemical- 
physical  equilibrium. 

When  operating  with  air.  the  effective  reservoir, 
its  generated,  is  shown  in  figure  12  by  the  solid 
line.  A  pressure  loss  up  to  30  percent  is  inherent 
in  the  gas  collection  of  the  rotor  discharge.  The 
resultant  effective  reservoir  for  the  tunnel  systems 
is  shown  by  the  broken  line.  A  gas  supply  flow 
chart  is  given  in  figure  13.  To  demonstrate  its 
flight  simulation  capability,  the  free  stream 
Reynolds  number  and  stagnation  point,  heat  trans¬ 
fer  to  a  sphere  are  shown  in  figure  14.  The  “Sight 
corridor”  is  included  to  provide  a  base  for  com¬ 
parison.  To  be  sure,  certain  aspects  of  flight  re¬ 
quire  the  duplication  of  that,  flight  condition  in 
the  facility.  However,  these  .pplications  require 
detail  not.  possible  in  this  brief  review. 

Measurements  on  models  at  test  conditions  have 
been  made  of  forces,  moments,  surface  pressures, 
surface  temperatures  and  heat  transfer,  static  and 
dynamic  stability,  boundary  layer  and  wake  radi¬ 
ation,  electron  concentrations,  and  flow  structure 


and  material  ablation  rate  and  distribution.  The 
following  table  indicates  measurement  ranges: 

Reservoir  temperature _  3,000  to  7,000°  R. 

Reservoir  enthalpy . .  800  to  2,300  B.t  u./lh. 

Model  stagnation  pressure _  10"°  to  85  atm. 

Free  stream  maeh  number _  1,8  to  14. 

Free  stream  velocity . .  3,300  to  11,000  ft/sec. 

Model  nose  radius _  0.1  to  8.0  Inches. 

Model  nose  heat  transfer _  10  to  7,000-?^— 

ft.  sec. 

Aerodynamic  shear  stress _  0.3  to  300  lb, /ft' 

The  test  programs  have  been  conducted  both  on 
customer  funds  and  customer  prime  contracts  with 
the  Air  Force,  the  Navy,  and  the  Army,  Among 
the  many  users  of  the  wave  superheater  hypersonic 
tunnel  have  been:  AVCO  Rad.,  Boeing  Aircraft 
Co.,  Conduction  Co.,  I>ouglas  Aircraft  Co.,  Gen 
oral  Electric  Co.,  Lincoln  Laboratories  of  M.I.T., 
Lockheed  Missile  and  Space  Co.,  Martin  Co., 
McDonnel  Aircraft  Co.,  NASA,  Sandia  Corp., 
Union  Carbide  Corp.,  and  the  Whitaker  Corp. 
More  than  a  dozen  different  weapon  systems  and 


research  applications  have  been  checked  in  the 
wave  superheater. 

While  this  list  of  experiments,  customers,  and 
programs  is  impressive,  it  does  not  show  the  pro¬ 
gressive  dependency  of  the  technical  community 
on  this  particular  facility. 

To  date,  the  wave  superheater  has  logged  ap¬ 
proximately  1,400  runs  and  since  the  first  con¬ 
tract  test  in  November  of  1962,  920  contract  runs 
for  a  total  test  time  of  4,500  seconds  have  been 
obtained  in  it.  This  averages  out  to  a  typical  run 
time  of  5  seconds  per  run  and  represents  a  total 
accumulated  stream  power  of  about  22  megawatt- 
hours.  It  is  interesting  to  note  that  in  developing 
and  enlarging  its  proficiency  in  the  use  of  the 
facility,  CAL  lias  performed  one  test,  of  shake¬ 
down-calibration  type  (paid  for  with  CAL  funds) 
for  every  two  cont  ract  tests. 

Of  the  920  contract  runs,  820  (about  90  percent) 
have  been  material  ablation  tests.  About  3,700  sec¬ 
onds  of  test  time  were  utilized  in  this  effort. 
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Approximately  69  percent  of  all  ablation  teste 
have  been  concerned  with  graphitic  materials  and 
15  percent  with  refractories.  The  remaining  SO 
percent  were  devoted  to  the  teflons,  refrasil, 
quartz,  etc.  BSD,  through  its  various  contractors, 
has  supported  about  50  percent  of  the  ablation 
testa. 

As  determined  by  experience  and  contact  with 
the  technical  community,  the  time  has  come  to 
exploit  the  growth  potential  of  the  wave  super¬ 
heater  facility  and  its  concept.  The  existing  facil¬ 
ity  was  designed  to  provide  a  continuous  flow  of 
air  at  high  temperature  and  pressure,  with  a  de¬ 
sign  limit  of  9,000°  R.  in  air.  As  it  became  opera¬ 
tional  it  became  evident  that  maximum  operation 
of  the  current  facility  was  to  be  7,000°  K.  in  air. 
In  the  near  future,  this  deficit  in  output  will  be 
surmounted  in  an  upgrading  program. 

It  has  also  become  apparent  that,  of  all  the  de¬ 
vices  for  heating  air,  only  the  wave  superheater 
approach  has  the  potential  capability  to  generate 
and  contain  stream  power  density  levels  signifi¬ 
cantly  exceeding  20  megawatts  per  square  inch  of 
flow  area  for  sustained  periods  of  time. 

Due  to  its  cyclic  operation,  no  single  material 
element  of  the  facility  is  required  to  be  consistently 
exposed  to  the  superheated  test  medium.  The 
nominal  exposure  time  of  any  element  is  about 
200  microseconds.  All  other  devices  conceived  for 
hyperthermally  heating  air  have  components 
which  are  directly  and  continuously  exposed  to  the 
heated  medium.  On  this  basis,  it  is  clear  that  the 
wave  superheater  type  of  test  facility  is  unique  in 
its  inherent  growth  potential. 

Its  suitability  has  been  proven  for  the  ground 
testing  of  all  the  aspects  of  flight  within  its  pres¬ 
ent  capabilities.  Experiments  have  been  conducted 
in  all  of  the  major  flight  sciences :  aero- dynamics, 
material  ablation,  dynamic  and  static  stability  (in¬ 
cluding  the  effects  of  ablation),  boundary  layer 
and  wake  plasma,  and  turbulent  flow. 

At  present,  in  the  operation  of  the  wave  super¬ 
heater  hypersonic  tunnel,  two  new  major  experi¬ 
mental  program  areas  have  been  entered.  One  is 
the  measurement  and  study  of  wake  structure  and 
chemistry  of  ablating  models,  and  the  other  is  the 
measurement  and  study  of  hyper- velocity  propul¬ 
sion  systems.  The  power,  size,  and  duration  avail¬ 
able  in  the  facility  make  it  an  ideal  test  bed  for 
wake  probe  experimentation  and  seramjet  whole- 
engine  testing.  To  be  sure,  no  facility  on  earth  is 
suitably  large  and  powerful  to  make  possible  full 


scale  testing  of  the  largest  forms  of  either  of  these 
programs,  but  because  common  practice  is  to  begin 
small  and  work  up,  the  ideal  place  to  begin  is  in 
the  wave  superheater. 
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The  Effect  of  Vacuum  and  Surface 
Layer  on  the  Fatigue  Life  of 
Nietals 

Dr.  Jacob  Pomfjuntz 

Sine©  the  middle  of  the  19th  century  the  failure 
of  metals  by  fatigue  has  been  recognized  as  an 
important  technological  problem.  Failure  by  fa¬ 
tigue  is  the  fracture  of  a  structure  subjected  to 
alternating  stress  over  a  period  of  time,  even  if 
the  maximum  stress  is  well  below  the  maximum 
load  capability  of  the  structure  under  static  con¬ 
ditions.  Failures  in  practically  all  moving  parts 
are  so  prevalent  that  it  may  be  said  unequivocally 
that  more  money  and  effort  has  been  expended  in 
an  effort  to  overcome  and  understand  fatigue  than 
any  other  single  problem  in  solid  mechanics. 
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Failures  by  fatigue  were  realized  as  early  as 
1858  by  A.  Wohler  (/)  who  suggested  that  the 
metal  chang'd  from  a  fibrous  texture  to  a  crystal¬ 
line  structure.  Although  later  work  was  to  prove 
this  concept  to  be  incorrect,  the  failure  of  metals 
by  fatigue  is  still  not  understood.  The  designer 
and  engineer  is  therefore  faced  with  a  situation 
v-herein  he  cannot  accurately  predict  the  fatigue 
life  and  therefore  must  resort,  to  the  concept  of 
“overdesign.”  It  is  not  uncommon  therefore  to  have 
a  part  300-BM)  pen-cut  stronger  dtan  required  by- 
static  considerations.  This  “overdesign”  concept 
leads  to  a  large  increase  in  weight,  which  is  espe¬ 
cially  critical  in  aircraft  construction  where 
weight  is  important. 

During  the  past  5  years  a  new  approach  to  the 
fatigue  problem  was  undertaken  by  I.  R.  Kramer 
at  the  Martin  Co.  under  the  sponsorship  of  both 
the  Air  Force  Office  of  Scientific  Research  and  the 
Air  Force  Systems  Command.  In  approach. ng  the 
fatiguo  problem  a  research  team  was  formed 
wherein  both  the  practical  and  basic  research  as¬ 
pects  of  the  problem  area  were  considered.  The. 
research  team  decided  for  the  most  part  to  abandon 
the  earlier  and  more  conventional  concepts  used 
to  explain  fatigue  failure  and  embark  u[>on  a  new 
approach.  Whereas  previously  it  was  generally 
considered  that  fatigue  failure  was  due  to  damage 
in  the  bulk  of  the  metal,  the  Martin  team  found 
that  fatigue  was  associated  with  metallurgical 
changes  which  took  place  in  a  narrow  region  at  the 
surface  (2,  3).  This  surface  region  which  extends 
to  a  depth  of  about  0.0015  inch  is  formed  whenever 
a  metal  is  plastically  deformed  and  contains  many 
crystal  imperfections  known  as  dislocations.  It  is 
the  react  ion  of  these  dislocations  in  the  surface  re¬ 
gion  which  govern  the  fatigue  behavior  of  metals. 

It  has  been  known  that  fatigue  damage  is  not 
merely  a  stress  phenomenon;  it  is  strongly  influ¬ 
enced  by  the  environment  in  which  the  fatigue 
process  is  taking  place.  Studies  of  environmental 
effects  were  therefore  undertaken  for  two  reasons. 
Because  of  the  practicality  of  high  altitude  mis¬ 
sions  under  conditions  where  the  amount  of  oxy¬ 
gen,  water  vapor  and  other  chemical  reactive 
species  are  greatly  reduced,  it  is  important  to  know 
how  the  fatigue  life  would  be  affected.  Secondly, 
it  was  considered  that  the  results  from  these 
studies  would  bo  very  helpful  in  elucidating  the 
fatigue  phenomena.  The  Martin  research  team 
under  Kramer  was  indeed  able  to  uncover  inijior- 


tant  parameters  af'ecting  the  improvement  in 
fatigue  life  in  a  vacuum  (A,  5). 

Attempts  had  been  made  to  explain  the  increase 
in  fatigue  life  ir  vacuum  solely  in  term?  of  the 
reduction  in  the  rate  of  formation  of  the  oxide 
film.  It  had  been  proposed  (6,  7)  that  the  freshly 
formed,  es  jx.s^d  surface  in  the  crack  region  is  able 
to  heal  more  easily  during  the  compression  or  re¬ 
verse  naif  cycle  as  the  oxidation  rule  is  decreased. 
Such  a  mechanism  would  predict  that  the  fatigue 
life  in  vacuum  should  increase  with  the  frequency 
of  the  stress  amplitude  because  the  time  available 
|ier  cycle  for  the  formation  of  an  oxide  layer  at 
the  creek  is  decreased  with  increasing  frequency. 
Testa  conducted  by  Kramer  on  the  fatigue  life  as 
a  function  of  frequency  at  a  constant  stress  showed 
l hat  the  opposite  of  this  prediction  was  true  ( S ). 
The  number  of  cycles  to  failure  (fatigue  life)  was 
determined  for  frequencies  of  40  and  76  c.p.s.  over 
a  range  of  pressures  from  760  torr  (one  atmos¬ 
phere)  to  10  s  torr.  All  this  w»°  first  performed 
at  a  maximum  stress  of  9,700  p.s.i.  and  then  re¬ 
peated  at  11.700  ps.i.  b  was  found  that:  (1)  the 
fatigue  life  at  both  frequences  remains  more  or 
le.ss  constant,  as  the  pressure  is  decreased  until  the 
pressure  is  reduced  to  a  value  in  the  neighborhood 
of  .‘ixiO  8  torr;  ; 2)  tin  fatigue  life  then  begins 
to  increase  rapidly  as  the  pressure  is  decreased 
further:  (:i)  the  improvement  iu  fatigue  life  ap¬ 
pears  to  reach  a  limiting  value  at  pressures  less 
than  Kb5  torr:  (4)  the  average  vacuum  fatigue  life 
for  specimens  tested  at  49  e.p.s.  is  greater  than  that 
of  specimens  teste-.i  at  76  e.p.s.-  -the  difference  in¬ 
creasing  with  decreasing  pressure:  and  (5)  the 
number  of  cycles  to  failure  was  decreased  at  all 
pressure  levels  as  the  stress  was  increased  from 
9,700  to  1 1,700  However,  if  the  vacuum  effect 
is  expressed  in  terms  of  the  ratio  between  the 
fatigue  life  at  any  vacuum  pressure  and  the  fatigue 
life  at  the  atmospheric  pressure,  then  *he  vacuum 
effect  is  actually  greater  at  the  higher  stress. 

Aside  from  the  above  experimental  evidence 
against  explaining  the  fatigue  life  in  vacuum 
solely  in  terms  of  the  reduction  in  the  rate  of 
formation  of  the  oxide  film,  it  is  known  that  the 
healing  or  rewelding  can  lie  impaired  by  the  sur¬ 
face  distortion  resulting  from  a  redistribution  of 
stress  at  the  surface  as  well  as  bv  an  oxide  film. 
Moreover,  the  probability  of  healing  is  further 
reduced  by  the  continuous  shear  action  which  oc¬ 
curs  in  the  crack  region  during  the  test.  It  there¬ 
fore  appears  that  the  increase  in  fatigue  life  in 
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vacuum  or  in  »n  inert  atmosphere  cannot  be  en¬ 
tirely  due  to  the  reduction,  in  the  rate  of  ox  it!* 
formation. 

In  the  course  of  his  investigations  of  the  effect 
of  surfaces  on  the  mechanical  behavior  of  metals, 
Kramer  showed  that  the  surface  exerts  a  marked 
influence  on  the  plastk  behavior  of  metals  (&, 
.9-//).  Also,  a  specimen  with  an  oxide  him  is  more 
resistant  to  plastic  flow  ( 19-1$) ,  And  furthermore, 
results  obtained  from  surface  removal  experiments 
(2 ,.9-11)  have  shown  that  besides  the  effect  from 
the  oxide  surface,  film,  the  mechanics!  properties 
of  metals  arc  also  influenced  by  a  so-called  “de¬ 
bris”  layer,  which  contains  a  higher  concentration 
of  dislocations,  formed  at  the  surface  of  the  speci¬ 
men  during  plastic  deformation.  After  removing 
this  surface  layer  by  eiectropolishing,  it  was  found 
that  the  workhardening  coefficient  was  decreased 
during  plastic  deformation  (less  actual  stress  was 
needed  to  produce  a  given  strain).  These  effects 
may  be  explained  in  terms  of  the  rate,  of  escape 
of  dislocations  through  the.  surface.  The  rate  of 
formation  of  this  “debris”  layer  depends  upon  the 
ease  with  which  the  dislocation  can  escape  through 
the  surface.  Strong  obstacles,  such  as  oxide  films, 
impede,  the  egress  of  dislocations  and  enhance  the 
rate  of  formation  of  this  layer.  Kramer  proposed 
that  the  “debris”  layer  plays  an  important  role 
in  the  fatigue  process  (17)  and  iater  showed  that 
the  concept  of  a  debris  layer  is  useful  in  explaining 
the  results  of  the  investigation  into  the  fatigue 
life  of  an  aluminum  specimen  in  vacuum  given 
above  in  the  fourth  paragraph.  He  was  thus  able 
to  uncover  two  important  features  of  fatigue;  the 
surface  layer  effect  and  the  environment,  effect.  Al¬ 
though  the  research  effort,  is  not  completed,  it 
appears  that  these  two  effects  are  not  completely 
independent  and  the  environmental  conditions  af¬ 
fects  ebs  build,  up  of  the  imperfection:',  in  the 
surface  layer. 

As  in  many  cases  when  both  the  practical  and 
the  fundamental  aspects  of  a  natural  phenomenon 
are  understood,  solution  to  other  important  prob¬ 
lems  are  found  also.  Such  was  the  case  in  these 
studies.  It.  was  found  that  the  surface  layer  con¬ 
cept  not  only  helped  in  elucidating  the  fatigue 
problem,  but  was  very  helpful  in  the  understand¬ 
ing  of  the  creep,  stress -rupture  and  brittle  fracture 
behavior  of  metals.  For  the  first  time,  it  was  dem¬ 
onstrated  in  many  cases  that  this  surface  layer 
controls  the  creep  and  stress- rupture  behavior  of 
metals  and  it  was  possible  to  improve  these 


characteristics.  The  improvement  was  accom¬ 
plished  by  the  very  simple  expedient  of  alloying 
the  surface  of  the  metal  to  modify  the  surface, 
layer  (1$).  The  surface  treatment  improved  the 
stress  rupture  life  by  100  percent  and  decreased 
the  '•ree.)  rate  by  fiOO  percent. 

Closely  coupled  with  this  work  was  the  Martin 
development  of  a  process  for  the  improvement  of 
the  fatigue,  corrosion,  and  stress-corrosion  be¬ 
havior  of  aluminum  alloys  (19).  Again  by  a  very 
simple  surface  trcc*ment,  the  fatigue  life  was  im¬ 
proved  manifold.  For  example,  at  a  stress  level 
of  25,000  p.s.i.  a  normally  treated  aluminum  alloy 
(7075)  has  a  fetigue  life  of  about  500,000  cycles: 
the  Martin  process  improved  the  hfe  such  that  no 
failures  occurred  in  10  million  cycles.  The  endur¬ 
ance  limit,  that  is  the  stress  level  below  which  no 
fatigue  failure  is  supposed  to  occur,  was  also  in¬ 
creased  by  about  30  percent  bv  the  Martin  process. 
Not  only  was  the  fatigue  life  improved  but  the 
corrosion  and  stress-corrosion  resistance  was  en¬ 
hanced.  Whereas  structural  aluminum  alloys 
failed  from  corrosion  ir.  about  5,000  hours  in  a  salt 
spray  test,  the  specimens  treated  by  the  Martin 
Co.  process  withstood  over  20,000  hours  with  any 
corrosion  whatsoever.  This  same  type  of  improve¬ 
ment  was  experienced  when  specimens  were  sub¬ 
jected  to  other  corrosion  tests,  including  outdoor 
tests  at  an  ocean  site.  A  similar  improvement  in 
behavior  was  also  experienced  in  the  stress-corro¬ 
sion  life  of  structural  aluminum  alloys.  Often  the. 
stress-corrosion  life  was  improved  by  a  factor  of 
10.  Specimens  exposed  at.  an  ocean  site  (Kire 
Beach)  did  not  fail  after  1  year  exposure  when  the 
imposed  stress  level  was  80  percent  of  the  yield 
stress.  Normally  treated  specimens  usually  failed 
in  a  much  shelter  time  and  experience  shows  (hat 
never  before  have  specimens  lasted  this  long  in 
this  test  environment, 
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Mass  Transfer  Cooling 

Lt.  Col.  Georoe  Stalk 

Recognition  of  the  thermal  problem  in  high¬ 
speed  flight,  whether  for  reentry  conditions  or  sus¬ 
tained  hypersonic  flight  in  the  atmosphere,  has 
long  been  realized,  and  its  scope  is  quite  apparent 
from  the  simplest  concepts  of  gas  dynamics.  In 
the  early  19.r>0's  the  immediate  problem  centered 
about  structural  weakening  at  temperatures  on  the 
order  of  only  a  few  hundred  degrees.  Since  then 
attainable  speeds  have  increased  by  more  than  an 
order  of  magnitude.  The  gas  temperature  adjacent 
to  vehicles  operating  at  these  speeds  can  be  of  the 
order  of  50,000°  R.  The  result  is  a  vehicle  which 
may  be  thermally  somewhat  akin  to  a  meteorite, 
with  both  the  temperature  and  energy  input  rate 
to  the  surface  now  of  interest.  Moreover,  the  en¬ 
gineering  solution  to  control  and  prediction  of  the 
surface,  thermal  and  geometric  history,  in  many 
cases,  has  a  marked  resemblance  to  meteorite  be¬ 
havior — namely,  the  acceptance  of  a  mass  loss 
from  the  vehicle  to  achieve  an  optimum  and  prac¬ 
tical  design.  The  present  state-of-the-art,  which  is 
still  undergoing  improvement  for  advanced  ma¬ 


terials  and  vehicles,  is  the  result  of  relatively 
recent  efforts  of  the  last  15  years. 

Thermal  equilibrium  is  virtually  impossible  at 
hypersonic  speeds  due  to  the  relatively  low  melt¬ 
ing  temperatures  of  all  materials.  Energy  trans¬ 
mitted  from  the  airstream  to  the  vehicle  must  be 
either  absorbed  or  reemitted  in  some  fashion. 
Mechanisms  allowing  absorption,  for  instance,  are 
a  change  of  phase,  an  endothermic  chemical  re¬ 
action,  or  most  simply,  an  allowed  temperature 
rise  through  a  large  mass  of  material.  Reemission 
mechanisms  are  radiation  or  the  passage  of  a 
coolant  from  the  vehicle  to  the  stream  through 
which  it  is  passing.  A  combination  of  techniques  is 
possible,  and  occurs  naturally.  Most  important  is 
an  understanding  of  the  role  of  each  mechanism, 
and  especially  of  those  over  which  there  is  some 
measure  of  control  and  which  may  beneficially 
reduce  the  magnitude  of  the  problem. 

Since  distortion  of  the  boundary  layer  so  as  to 
decrease  heat  transfer  was  foreseen  from  some 
earlier  work  done  by  NACA  (7),  an  intensive 
study  of  mass  efflux  into  the  boundary  layer  (fig. 
15)  was  initiated  during  the  mid  1950’s  under 
support  of  the  Air  Force  Office  of  Scientific  Re¬ 
search.  The  research  organizations  included  the 
Massachusetts  Institute  of  Technology,  under 
the  guidance  of  J.  R.  Baron,  and  the  University 
of  Minnesota,  under  the  guidance  of  E.  R.  G. 
Eckert.  It  should  be  recalled  that  at  that  time  the 
aerodynamicist  was  primarily  concerned  with  the 
perfect  gas  dynamics  of  a  fictitious  medium  known 
as  “air,”  and  that  widespread  use  of  digital  com¬ 
puting  machinery  was  not  yet  applied  to  boundary 
layer  problems.  Analysis  of  a  mass  transfer  situ¬ 
ation  required  a  (then)  complex  description  of  a 
flowing  mixture,  and  fundamental  physical  prop¬ 
erties  were  not  readily  available  for  .  he  kinds  of 
coolants  envisioned  as  being  useful.  Quantitative 
information  was  sought  for  the  effects  of  Mach 
number,  geometry  and  type  of  injected  coolant. 
It  was  not  clear  that  suitable  porous  surfaces  were 
to  be  found  for  transpiration  schemes.  Most  im¬ 
portant,  virtually  no  experimental  evidence  was 
available,  and  special  techniques,  such  as  concen¬ 
tration  probing  in  a  thin  boundary  layer,  required 
development  simply  to  evaluate  the  theoretical 
concepts. 

Injection  of  a  chemically  inert  coolant  into  a 
supersonic  boundary  layer  revealed  analytically  a 
possible  strong  control  over  both  heating  rate  and 
the  ultimate  equilibrium  temperature  of  a  system 
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(s.  ■ J i.  Oonsideration  of  various  coolants  led  to  a 
simplifying  rule  for  the  effiv  t  of  coolant  molecular 
weight  on  the  energy  transfer  rate,  now  used  to 
some  extent  in  ablution  work  with  associated 
vaporization  ((ip.  Iff).  Certain  classes  of  gases  of 
large  thermal  capacity  proved  quite  efficient  as 
simultaneous  absorbers  of  energy  while  reducing 
the  heating  load.  The  conjecture  that  injection 
would  induce  a  turbulent  condition  into  tlie  bound¬ 
ary  layer  and  thus  neg  ite  any  possible  cooling 
benefits  by  affecting  tie  stability  of  the  laminar 
boundary  layer  proved  ill  founded  U). 

The  related  experimental  efforts  required  pre¬ 
cise  simulation  of  mass  transfer  under  wind  tunnel 
conditions.  However,  sintered  (porous)  materials 
technology  proved  to  Ite  far  from  adequate.  Even 
if  data  were  corrected  for  off-design  conditions, 
which  would  be  quite  difficult,  the  practical  need 
for  hypersonic  flight  required  a  large  improvement 
in  quality  control  of  the  product.  A  byproduct  of 
wind  tunnel  model  sjiecifications  and  demands  was 
improved  metallurgical  control.  Close  uniformity 
was  achieved  where  required,  and  specific  |>errtie- 
abilit.y  distributions  were  obtained  with  both  uni¬ 
form  and  variable  thickness  materials.  Still 
further,  new  base  materials  such  as  stainless  steel 
and  nickel  were  introduced  with  t lie  capability  of 
withstanding  high  and  prolonged  temperatures. 

Some  serious  discrepancies  between  theory  and 
experiment  were  in  evidence,  however,  but  showed 
a  consistency  amongst  the  work  of  several  investi¬ 


gators  (fig.  17),  Eve's  though  the  available  analysis 
disagreed  somewhat  with  each  other,  none  came 
dose  to  agreeing  with  the  oxjx-riinental  drta.  The 
discrepancy  existed  despite  the  development  oi 
machine  computation  programs  capable  of  “exact" 
solutions  for  mass  transfer,  mixture  problems.  The 
final  resolvmeni.  of  the  question  was  of  sjieeiftl 
interest.  A  hitherto  .neglected  phenomena  in  aero¬ 
dynamics,  namely  a  coupling  between  mass  and 
energy  transfer  on  a  microscopic  scale  of  inter¬ 
actions,  proved  responsible  for  the  discrepancies 
(5,  6). 

A  mass  transfer  approach  somewhat  different 
than  those  described  above  was  also  studied.  This 
involved  a  point  injection  into  the  stagnation 
region  so  as  to  produce  a  relatively  thick  inner 
layer  of  gns  lietween  the  laxly  and  the  hot  shock 
layer  (fig.  IS).  With  proper  contouring  of  tin- 
injection  orifice,  it  proved  possible  to  simulate  mi 
“effective"  hemispherical  interface  as  seen  by  the 
incoming  flow  resulting  in  greatly  reduced  surface 
temperatures  (“,  ft). 

For  the  most  part  I  lie  above  brief  review  stems 
from  research  efforts  conducted  for  tlu-  Air  Force 
Office  of  Scientific  Research  by  groups  at  the 
Massachusetts  Institute  of  Technology  under  .1- 
R.  Baron  and  the  I’niversitv  of  Minnesota  under 
E.  It.  G.  Eckert.  Mass  transfer  studies  were  also 
conducted  by  NASA,  with  emphasis  on  turbulent 
conditions  (!)),  by  the  Naval  Ordnance  Labora¬ 
tory,  with  emphasis  on  stability  and  exjx-rirnental 


Flame  17. — Thermodynamic  coupling  effect  for  helium  injection  through  porous  plate  (*2.t»<M<4.!J). 


verification,  tad  by  iudu.-lry  iAVt'O.  (irnerat 
Electric  i  in  coimrvt  ion  with  g*«  ph*«e  ;c j«*cf  wn  of 
ablation  products*  j  10.  II) 

Extensions  of  the  initial  studies,  in  the  106n's. 
considered  multicomponent,  react mg,  boundary 
layers  which  arise  due  to  various  surface  chemistry 
reactions  and  simply  the  high  temperature 
behavior  characteristics  0f  a  real  gas  (dissoci¬ 
ation,  etc.)  (lit,  13).  Upon  inclusion  of  surface 
chemistry  the  mass  transfer  process  becomes 
cot  pled  to  the  diffusion  and  reaction  rates  in  com¬ 
bination.  In  fact,  distinct  regimes  (reaction, 
diffusion,  sublimation)  of  control  are  now  found 
in  the  case  of  a  graphite  surface  and  presumably 
are  present  with  other  materials.  At  present  such 
surface  coupling:  is  under  consideration  for  a  vari¬ 
ety  of  new  refractory  materials  (borides,  zeronium, 
and  hafnium  carbides,  etc.).  This  recent  effort 
undersemes  the  need  for  fundamental  physical 
properties  of  “new"  gaseous  components,  in  close 
correspondence  to  the  original  difficulties  in  the 
earlier  binary,  inert  gas  studies.  In  a  fashion  very 
much  like  closing  the  circle,  the  refractory  mate¬ 
rials  now  can  involve  mass  deposi'ion  due  to  solid 
oxide  formations  with  or  without  simultaneous 
injection  of  other  surface  reaction  products  into 
the  airstream. 


Mass  transfer  cooling  techniques  are  required 
and  used  by  military  ucajKin  systems  which  ob- 
tar  hypersonic  or  reentry  velocities.  Likewise, 
these  techniques  are  used  in  the  NASA  Man  in 
Space  Effort  (tiemini,  Apollo)  and  arc  well  pub¬ 
licized.  Internal  aerodynamics  has  also  made  use, 
of  the  concept  in  the  form  of  rocket  engine  liners 
and  compressor  blade  cooling  for  supersonic  and 
advanced  VSTOL  jet  engines.  Sustained  operation 
for  long  periods  of  time  of  supersonic  and/or 
hypersonic  vehicles,  such  as  a  space  plane,  suggest 
either  exceptionally  good  ablators  or  a  transpira¬ 
tion  technique  to  hold  to  geometric  specifications 
(fig.  19)  (14).  For  flight  times  of  the  order  of  an 
hour  (such  as  might  lie  associated  with  a  hyper¬ 
sonic  transport)  one.  would  expect  that  transpira 
tion  cooling  techniques  would  be  the  logical  choice 
for  reduced  heat  transfer  rates. 

One  further  outgrowth  of  the  Air  Force  Office 
of  Scientific  Research  program  is  somewhat  aside 
from  any  direct  contributions  to  knowledge  of 
mass  transfer  behavior  and  aerodynamic  phenom¬ 
ena.  The  research  investigators  have  instilled  in 
their  graduate  students  interest  ir«  high  speed 
thermal  problems.  AFOSR  support  is  necessary 
both  to  afreet  able  students  in  the  field  of  hyper¬ 
sonic  research  and  to  rurnish  the  reinvent  koowi- 
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Fiouras  18. — Stagnation  point  mas*  inspection  in  hypersonic  flow. 
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Figure  19. — Thermal  efficiency  for  several  cooling  techniques. 


edge  and  literature  needed  by  upcoming  scientists 
and  engineers  for  the  design  of  advanced  high- 
performance  weapon  systems. 
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The  Magntto-Plastna-Dynamic 
(. MPD )  Arc 

Maj.  Russell  G.  Lanolois 


The  Ki symet o plasma -dynamic  arc  is  an  axi- 
synunetric  device  in  which  an  electrical  arc  dis¬ 
charge  takes  place  between  the  anode  and  cathode 
to  produce  an  ionized  plasma.  This  flowing 
plasma  then  interacts  with  the  magnetic  field 
caused  by  the  arc  current  and  the  external  applied 
magnetic  field  B  to  accelerate  the  plasma.  The 


interaction  of  the  various  components  of  such  a 
discharge  has  been  the  subject  of  widespread  at¬ 
tention  and  the  present  discussion  is  oriented  at 
elucidating  the  contributions  that  have  been  made 
to  date.  Several  of  the  basic  problem  areas  have 
been  supported  by  the  AFOSR  and  in  fact  the 
significant  developments  which  have  followed  are 
directly  attributable  to  this  early  work.  This  re¬ 
view  covers  not  only  AFOSR  sponsored  research, 
but  work  at  other  Air  Force  laboratories  and  at 
other  government  agencies  as  well,  including  the 
Aerospace  Research  Laboratories  and  the  Aero¬ 
space  Propulsion  Laboratory. 

The  great  deal  of  attention  that  has  been  focused 
in  the  past  years  on  the  development  of  MPD  arcs 
is  due  mainly  to  the  application  of  this  class  of 
accelerator  for  use  as  an  electric  thruster  for  space 
flight.  Investigators  who  have  been  involved  in 
these  studies  are  a  group  at  Electro  Optical  Sys¬ 
tems  (EOS),  directed  by  G.  Cann;  a  group  at 
Plasmadyne  (now  Ginnnini  Scientific)  directed 
by  Ducati;  a  group  at  NASA  Langley,  directed 
by  R.  V.  Hess;  a  group  at  Avco-RAD,  directed  by 
R.  John;  and  a  group  at  Avco-Everctt,  directed 
by  R.  M.  Patrick.  This  is  a  summary  of  the  results 
obtained  by  these  groups  in  the  period  1959  to 
the  present. 

The  MPD  arc  today  is  an  outgrowth  of  the  work 
done  on  conventional  arc  jets  and  the  work  done 
on  very  low  density  plasma  accelerators  which  was 
sponsored  by  AFOSR.  In  1958  many  of  the  inves¬ 
tigators  were  working  with  conventional  arc  jets. 
Ducati,  R.  John,  and  others  approached  the  MPD 
arc  jet  by  lowering  the  plasma  density  in  their 
accelerators  and  applying  an  external  bias  field. 
On  the  other  hand,  some  of  the  other  investiga- 


Fic.crf.  20. — Schematic  croxx  xection  of  the  mag¬ 
neto-  phixma-d ynamic  arc. 


tors,  Cann,  and  Hess,  et  al.,  were  studying  devices 
where  the  plasma  density  was  very  low.  These 
investigators  approached  the  MPD  arc  by  raising 
the  plasma  density  in  their  accelerators  to  the  den¬ 
sity  of  interest.  The  work  at  Avco-Everctt  was 
divided  into  two  parts,  the  first  directed  by  G.  S. 
Janes,  investigating  the  low  density  plasma  re¬ 
gime  with  a  goal  of  containing  and  accelerating 
tho  plasma  by  confining  the  electrons  in  the  plasma 
and  accelerating  the  ions  by  an  electric  field 
which  maintains  charge  neutrality  in  the  plasma. 
A  parallel  effort  at  Avco-Everett  was  carried  out 
by  Patrick,  who  investigated  a  magnetic  annular 
arc  (MAARC)  which  operated  with  a  plasma  at 
an  intermediate  density  (the  same  as  present  MPD 
arcs).  Hall  effects  were  present  in  this  device  and 
tho  goal  was  to  try  to  minimize  heat  transfer  to 
the  side  walls  due  to  hot  electrons,  and  also  to  use 
Hall  currents  to  produce  containment  and 
acceleration. 

In  early  1958  there  were  three  classes  of  plasma 
accelerators  being  investigated.  The  first  and  old¬ 
est  wero  the  conventional  arc  jets.  The  primary 
work  directed  towards  space  propulsion  was  car¬ 
ried  on  independently  by  Ducati  and  R.  John. 
This  type  of  an  accelerator  depends  on  viscous  con¬ 
tainment  to  retain  the  energy  in  the  plasma  and 
achieve  low  wall  losses.  These  requirements  led 
to  the  development  of  very  small  devices  with 
high  densities.  Reasonable  thrust  efficiencies  were 
obtained  by  employing  hydrogen  as  a  working 
fluid  to  velocities  which  corresponded  to  specific 
impulses  equal  to  1,100  seconds. 

The  second  class  of  accelerators  which  were 
developed  in  the  beginning  of  this  period  con¬ 
sisted  of  the  rectangular  E  x  II  accelerator  and  the 
MAARC.  Intermediate  plasma  densities  were  used 
and  w.t.  (electron  gyro  frequency  collision  time) 
in  most  cases  was  the  order  of  unity.  The  conven¬ 
tional  E  x  H  accelerator  depended  on  the  j  x  B 
acceleration  of  a  relatively  low  temperature 
plasma  to  achieve  high  thrust  efficiency.  It  was 
found  by  several  investigators  during  this  period 
that  tho  side  walls  of  such  accelerators  (parallel  to 
the  direction  of  tho  applied  field)  act  as  a  short 
circuit  for  tho  applied  electric  field.  This  became 
known  as  the  Hartmann  boundary  Inver  effect, 
where  the  gas  near  the  wall  has  an  insufficient 
velocity  to  generate  a  large  enough  v  x  B  voltage 
to  prevent  large  currents  from  flowing  in  this 
region.  This  resulted  in  large  wall  losses.  At  this 
time  the  MAARC  experimental  studies  wore 


started  in  an  effort  to  eliminate  these  wall  losses 
and  to  try  to  achieve  j  x  B  acceleration  with  a 
coaxial  geometry.  Although  the  original  E  x  H 
accelerator  does  not  look  very  attractive  for  pro¬ 
pulsion  applications,  extensive  research  is  now 
under  way  to  use  this  device  as  a  wind  tunnel 
driver  where  heat  transfer  and  electrode  erosion 
do  not  limit  the  concept. 

The  third  class  of  accelerators  being  investi¬ 
gated  in  this  period  were  the  low-density  acceler¬ 
ators,  a  typical  example  of  which  is  the  traveling 
wave  accelerator  of  Janes,  et  al.  A  large  acceler¬ 
ator  using  a  magnetic  field  configuration  with 
stationary'  cusps  was  also  studied  by  Cann  at 
EOS.  The  plasma  conditions  in  these  accelerators 
corresponded  to  very  low  densities  under  suffi¬ 
ciently  strong  magnetic  fields  so  that  large  Hall 
currents  could  flow,  i.e.,  w.t.»l.  The  hope  for 
containment  and  elimination  of  wall  losses  was 
based  on  pure  magnetohydrodynamic  contain¬ 
ment  of  the  plasma.  Concurrently,  Hess  at  NASA 
Langley  was  investigating  a  device  with  a  geom¬ 
etry  very  similar  to  the  present  MPD  arc  configu¬ 
ration  in  this  very  low-density  regime.  This 
configuration  using  Hall  currents  to  contain  the 
plasma,  is  probably  the  first  publication  of  the 
MPD  arc  concept.  During  this  period  the  groups 
working  with  the  low-dcnsitv  plasma  accelerators 
began  to  discover  that  one  could  not  predict  the 
current  distribution  in  these  plasmas,  assuming 
classical  diffusion  for  the  electrons  and  ions.  This 
led  to  decreased  interest  in  utilizing  this  type  of 
accelerator  as  a  propulsion  device  because  of  the 
high  wall  losses. 

The  group  at  Avco-Everett  investigated  a  co¬ 
axial  arc  discharge  with  an  axial  magnetic  field 
(MAARC).  The  effect  of  tensor  conductivity  on 
the  properties  of  a  coaxial  arc  was  studied.  It  was 
found  that  this  type  of  discharge  possessed  unique 
voltage  characteristics  and  the  voltage  was 
strongly  dependent  on  the  magnetic  field  inten¬ 
sity.  The  existence  of  Hall  currents  in  this  geom¬ 
etry  caused  the  radial  currents  to  flow  in  a  more 
extended  region  downstrenm  from  the  electrodes 
than  that  obtained  in  conventional  ares.  It  was 
further  shown  that  this  type  of  discharge  in  a 
partially  ionized  plasma  was  stable,  which  elimi¬ 
nated  many  of  the  difficulties  encountered  in  high 
density  arc  jets.  This  early  study  led  to  the  devel¬ 
opment  of  the  present  MAARC  geometry,  where 
the  extension  of  the  currents  from  the  electrodes 
in  the  flow  and  magnetic  field  direction  was  used 


to  cause  currents  to  flow  in  an  expanded  region  in 
a  nozzle  with  a  hope  that  Hall  currents  flowing  in 
the  expanded  |>ortion  of  the  nozzle  would  produce 
containment  and  acceleration  in  a  stable  manner. 

Concurrently,  a  radiation-cooled  arc  jet  was 
developed  at  Avco-RAD  which  could  operate  con¬ 
tinuously  w'hli  power  levels  up  to  f>0  kw.  This 
advance  in  technology  grcntly  enhanced  the  devel¬ 
opment  of  MPD  arcs  since  the  geometry  of  both 
devices  is  very  similar. 

During  the  period  from  1960  to  1964  it  wns 
shown  by  Janes  and  Hess  that  plasma  turbulence 
was  generated  in  the  low  density  accelerator.  This 
impaired  the  use  of  Hall  currents  in  these  devices 
for  containment  and  acceleration,  and  severely 
limited  the  ability  of  one  to  predict  their  perform¬ 
ance.  At  the  same  time  the  group  at  EOS  under 
Cann  changed  from  using  a  low-density  plasma 
to  a  higher  density  plasma  and  l>egan  to  study 
only  the  exit  portion  of  their  accelerator.  The 
group  at  EOS  discovered  that  when  the  plasma 
density  was  increased  in  n  single  cusp  magnetic 
field,  a  large  increase  in  the  apparent  thrusts  and 
efficiencies  was  obtained  with  a  drnmatic  decrease 
in  wall  losses.  This  was  the  lteginning  of  the.  MPD 
arc  development  at  EOS. 

Meanwhile,  nt  Plasmndvne,  Ducat i  had  j>er- 
formed  experiments  indicating  that  a  specific 
impulse  of  up  to  10,000  seconds  could  he  obtained 
at  low  mass  flow.  This  achievement  attracted  a 
great  deal  of  attention,  since  the  “arc  jet”  could 
now  comjiete  with  the  much  more  complicated  ion 
engine.  Ducati  investigated  various  conventional 
arc  jet  configurations  and  studied  a  large  range  of 
mass  flows  and  configurations  and  discovered  when 
the  mass  flow  was  reduced  the  apparent  exit 
velocities  (specific  impulses)  increased  to  velocities 
much  higher  than  had  l>cen  obtained  liefore  with 
conventional  arc  jets.  These  results  were  obtained 
by  measuring  the  thrust  and  input  power  and  mass 
flow.  At  this  time  the  bias  magnetic  field  was  ap¬ 
plied  bv  wrapping  the  leads  to  the  an-  jet  around 
the  device.  These  modifications  improved  the 
electrode  performance,  with  the  apparent  attain¬ 
ment  of  higher  specific  impulses.  These  results 
focused  a  great  deal  of  attention  on  the  develop¬ 
ment  of  arc  jets  with  an  nxial  bias  field.  Since 
results  were  obtained  with  a  thrust  stand  a  great 
deni  of  enthusiasms  wns  generated  l>ecau.se  the  re¬ 
sults  showed  that  a  simple  extrapolation  of  arc  jet 
technology  might  furnish  n  simple  accelerator 
which  could  lie  very  useful  for  space  propulsion. 
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During  this  period,  the  Aveo-Everett  group 
studied  the  flow  in  a  MAARC  nozzle,  reporting 
thrust  efficiency  ?s  high  as  .'15  percent,  and  showed 
the  role  of  Hall  currents  ir.  reducing  wall  losses. 
Conventional  continuum  diagnostics  were  used 
(pitot  tubes,  etc.)  which  limited  the  study  only  to 
mass  flows  sufficiently  high  to  insure  the  validity 
of  using  these  continuum  diagnostic  tools.  This 
placed  a  limit  on  the  energy  per  particle  and  thrust 
velocity  obtained  in  this  research  to  velocities  cor¬ 
responding  to  specific  impulses  below  600  seconds. 
This  forced  this  group  to  develop  simple  diagnos¬ 
tics  other  than  a  thrust  stand  which  would  give 
local  properties  and  be  useful  for  free  molecule 
flow  conditions  in  the  exhaust. 

After  Ducati  reported  his  achievement  of  high 
specific  impulse,  other  groups  investigated  low 
mass  flows  to  evaluate  their  devices  with  the  pos¬ 
sible  use  of  MPD  arcs  for  electric  propulsion  at 
power  levels  between  20  and  50  kw.  The  group  at 
EOS  developed  t  MPD  arc  which  used  an  conden¬ 
sable  metal  vapor  as  propellant.  The  argument,  for 
this  choice  of  propellant  is  that  it  can  be  easily 
pumped  by  condensing  the  exhaust  in  a  vacuum 
chamber.  This  allows  the  best  simulation  of  the 
very  low  back  pressure  encountered  in  space.  The 
EOS  group  obtained  results  which  indicated  that 
very  High  thrust  efficiency  with  lithium  as  a 
propellant  ;  mid  be  attained,  loiter  the  group  at 
Avco-RAD  (John,  et  al.)  tested  MPD  arcs  using 
metal  vapor  propellants.  The  result  of  their  work 
showed  that  the  construction  and  operation  of 
MPD  arcs  with  lithium  used  as  a  propellant  was 
very  difficult.  Because  of  the  complicated  design 
features  this  group  was  forced  to  abandon  many 
of  the  simple  features  of  the  conventional  arcs  and 
MPD  arcs  which  have  made  this  class  of  acceler¬ 
ator  so  attractive.  The  introduction  of  insulating 
surfaces  close  to  the  discharge  region  eliminated 
one  of  the  most  attractive  i’eaturew  of  the  MAA  RC 
and  MPD  geometries.  These  restrictions  have 
limited  the  development  of  MPD  arcs  using  con¬ 
densable  metal  vapors  as  propellants. 

As  a  separate  elfort  the  group  at  Avco-RAD 
studied  geometries  very  similar  to  those  used  by 
I>ueati  and  investigated  the  effect  of  a  bias  mag¬ 
netic  field  on  the  nozzle  flow  and  electrode  perform¬ 
ance  with  the  main  effort  directed  toward  increas¬ 
ing  thrust  efficiency.  It  was  discovered  by  Ducati 
about  this  time  that  his  MPD  arc  could  be  run  with 
no  mass  flow  throughput  with  very  little  thrust 
change.  This  fact  made  his  earlier  results  appear 


questionable,  since  he  had  obtained  high  specific 
impulses  by  dividing  the  thrust  obtained  with  his 
thrust  stand  by  the  measured  mass  flow  through¬ 
put.  When  R.  John  of  Avco-RAD  con  finned  these 
results  in  his  own  experiments  the  situation  l*>- 
earne  very  confused.  It  was  felt  that  either  the 
background  gas  in  the  vacuum  system  was  being 
recirculated  through  the  arc  jet  (back  pressure  in 
the  vacuum  system  not  low  enough)  or  that  stray 
magnetic  or  electric  fields  to  the  tank  walls  (a  con¬ 
ductor)  were  resj>onsible  for  the  phenomenon.  The 
back  pressure  in  the  vacuum,  system  has  been  re¬ 
duced  as  low  as  possible  without  noticeable  effect 
on  the  thrust  level.  A  spectroscopic  analysis  of  the 
products  in  the  tank  and  various  regions  of  the  arc 
was  conducted  at  TRW  and  indicated  no  recircula¬ 
tion  of  background  gas.  This  was  a  cursory  exami¬ 
nation  over  a  limited  range  of  variables  and  it  is 
felt  that  it  was  not  conclusive.  It  has  been  proposed 
to  use  nonconducting  tank  walls  for  the  vacuum 
system  to  eliminate  stray  magnetic  effects.  Elec¬ 
trostatic  or  sheath  effects  would  still  remain.  No 
results  of  these  experiments  have  been  reported.  It 
was  concluded  that  the  simple  measurement  of 
thrust  on  a  thrust  stand  is  an  incomplete  diagnostic 
to  be  used  in  the  development  of  plasma 
accelerators. 

During  this  time,  Hess  at  NASA  Langley  had 
increased  the  mass  flow  in  his  early  device.  Since 
he  used  mostly  argon  as  propellant,  with  a  rela¬ 
tively  large  atomic  weight,  the  plasma  densities 
were  characteristically  lower  than  those  studied  by 
the  other  investigators.  He  frequently  reported 
unstable  arc  characteristics  and  noise  produced  by 
the  discharge. 

The  group  at  Avco-Everett  studied  the  charac¬ 
teristics  of  their  MAARC,  using  a  small  thrust 
plate  developed  to  measure  the  low  thrust  density 
in  the  collision- free  exhaust  and  also  carried  out  an 
extensive  study  of  the  volrage  characteristics  of 
the  device.  The  results  of  this  study  showed  that 
the  voltage  was  proportional  to  the  magnetic  field, 
the  cathode,  anode  spacing,  and  the  Alfven  ioniza¬ 
tion  velocity  of  the  propeliant.  The  effect  of  vary¬ 
ing  the  magnetic  field  shape  and  intensity  on  the 
thrust  profile  was  obtained.  These  measurements 
indicates!  the  effect  of  the  Hall  currents  forcing 
the  flow  nearer  the  axis  of  the  accelerator.  This 
result  verified  some  of  the  earlier  speculations  that 
Hall  currents  could  act  to  contain  the  plasma  and 
reduce  the  beat  loss  of  the  high  pnthalpy  plasma 
to  the  anode. 


The  group  111  NA>A  I,ewis  used  ii  vt  ry  large 
vacuum  facility  t<>  study  these  nei-eleraidr?.  Thi* 
facility  wa»  capable  of  producing  back  pressures 
two  to  three  orders  of  magnitude  lower.  The  early 
results  obtained  with  a  conventional  MPI)  arc, 
using  either  hydrogen  or  ammonia  aa  propellants 
showed  that  the  measured  thrust  efficient!'  with  a 
thrust  stand  was  greater  than  100  percent.  This 
focused  more  attention  on  the  validity  of  thrust 
stand  measurements  and  also  focused  the  attention 
of  the  investigators  on  the  position  of  the  arc  cur¬ 
rents  in  these  devices,  and  t lie  question  was  asked 
whether  they  were  confined  to  flow  in  the  immedi¬ 
ate  vicinity  of  the  nozzle  or  could  they  flow  out 
into  a  large  volume  in  the  tank.  This  would  account 
for  large  thrust  with  no  mass  flow  throughput. 
The  current  distribution  in  the  nozzle  region  of 
this  class  of  accelerator  was  investigated  by  the 
group  at  EOS,  Aveo-RAI>,  and  A vco- Everett  and 
it  was  shown  that  the  major  portions  of  the.  arc 
currents  flov  ed  well  upstream  in  the  nozzle.  Later 
it  was  discovered  at  NASA  that  an  error  had  been 
made  in  measuring  the  mass  throughput,  giving 
an  erroneous  value  for  the  thrust  efficiency.  The 
present  status  of  this  development  is  that  the  most 
attractive  propellant  is  ammonia.  It.  is  very  easy  to 
store  for  space  missions  and  produces  a  reasonably 
high  operating  voltage  because  the  energy  required 
to  ionize  and  dissociate  ammonia  is  large.  A  high 
voltage  in  the  plasma  minimizes  wail  losses,  and 
most  important,  there  are  strong  indications  from 
all  of  the  data  accumulated  by  all  of  the  groups 
investigating  MPI)  ares  that  the  thrust  efficiency 
is  limited  only  by  wall  losses.  An  accelerator  very 
similar  to  the  MAARC  geometry  is  being  de¬ 
veloped  at  Avco-RAI)  which  is  to  use  ammonia  as 
a  propellant  and  ojierate  in  the  power  range  be¬ 
tween  10  and  .r>0  kw ,  At  the  present  time  the  group 
at  NASA  Lew  is  is  studying  an  EOS  engine  which 
uses  a  lithium  metal  vapor  propellant,  but  because 
of  the  extreme  difficulty  in  operating  this  type  of 
engine  no  results  have  been  obtained  to  date. 

The  determination  of  the  thrust  efficiency  of 
these  devices  has  been  made  difficult  by  the  afore¬ 
mentioned  effects,  but  one  thing  appears  to  tie 
clear,  that  this  tyjie  of  device  will  transfer  elec¬ 
trical  energy  into  plasma  energy  with  a  very  high 
efficiency,  i.e. :  very  low  wall  loss. 

Much  more  research  remains  to  be  done  to 
clearly  understand  the  transfer  process  by  which 
electrical  ene.gy  is  converted  to  kinetic  energy. 
Moreover,  new  unigniv'ies  must  be  developed  to 


-in  relate  experimental  results.  It  has  already 
been  demon st rated  il.ai  reliance  on  a  single 
method  of  measurement  can  not  only  produce  the 
w  rong  answer,  but  can  confuse  the  issue  regarding 
the  basic  phenomena  under  investigation.  To  this 
end  the  AFOSR  will  continue  support  of  the  en¬ 
ergy  conversion  process  and  associated  diagnostics. 

Although  the  MPD  arc  looks  very  attractive 
for  space  propulsion,  otlier  applications  are  now 
lteing  considered.  Some  of  these  are:  As  a  plasma 
w  nd  tunnel  driver  producing  a  stream  of  high- 
velocity  collision- free  plasma  for  example,  used 
in  solar  wind  simulation.  Another  application 
which  has  been  suggested  is  in  high  speed  shock 
tultes  as  a  driver.  As  a  facility  for  ablation  testing 
it  will  permit  the  identification  of  the  failure 
mechanisms  which  exist  in  high-speed  reentry. 
Such  a  facility  will  duplicate  free-stream  condi¬ 
tions  which  are  far  in  the  future  1  iconise  con 
siderable  advances  are  required  in  present  testing 
facilities  even  on  a  pulsed  basis. 

In  conclusion  it  can  lie  set'll  that  an  early  in¬ 
terest  by  AFOSR  in  are  jet  phenomena  has  served 
as  a  stimulant  to  the  scientific  community  in 
understanding  the  phenomena  and  has  led  the 
technologist  to  develop  these  devices  as  important 
candidates  for  future  deep-space  missions.  The  ex¬ 
tent  to  which  the  Air  Force  will  participate  in 
deep-space  missions  is  not  yet  known.  However, 
based  on  the  record  such  an  important  contribu¬ 
tion  should  not  lie  overlooked. 
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Oxygen  Atom  Attack  of  Refractory 
Materials 

1st.  Coi.  (’oRXFXirsJ.  Doxovav 


'Wlttlo  conventional  subsonic  aircraft  produce 
negligible  chemical  changes  in  the  air  through 
which  they  move,  the  kinetic  energy  of  a  hyper- 
sonic  vehicle,  as  for  example,  a  reentering  space¬ 
craft.  is  comparable  to  the  dissociation  energy  of 
oxygen  molecules  naturally  present  in  the  earth’s 
atmosphere.  As  a  result,  near  such  vehicles  large 
oxygen  atom  concentrations  are  produced,  even 
though  dissociation  levels  in  undisturbed  air  are 
negligible  in  the  altitude  range  of  greatest  aero¬ 
dynamic  interest  ( la-low,  say,  “JOu.iNIO  ft,).  On 
thermodynamic  grounds  one  might  exj»e<'t  that 
these  <)  atoms,  produced  where  the  gas  temjiera- 
tures  typically  exceed  K.  (4.!4(>c  F.),  would 

recombine  to  form  stable  O.  molecules  in  the  gas 
wetting  the  cooler  vehicle  surfaces.  However,  re¬ 
combination  takes  time  (i.e.,  many  atomic  colli¬ 


sions)  and,  as  a  result  of  rapid  gas  motion  and 
their  diffusion,  <)  atoms  can  survive  to  bombard 
the  vehicle  surfaces.  What  atv  the  effects  on  mate 
rial  toss  or  degradation  due  to  oxidation  ?  In  view 
of  the  meager  experimental  data  on  high-tempers- 
tiirr.  surface  reactions,  even  for  stable  gas  mole¬ 
cules.  it  is  necessary  to  question  whether  existing 
materials  design  and  test  procedures  adequately 
take  these  recently  encountered  atom  attack  proc¬ 
esses  into  account. 

With  these  questions  in  mind,  in  1962  Daniel  K. 
Rosner  of  AeroChem  Research  Laboratories  pro- 
posed  to  AFOSR  that  a  basic  research  prognun  be 
established  to  investigate  the  oxidation  behavior  of 
refractory  materials  in  well-detined.  dissociated 
gas  environments.  Previously,  Rosner  (/,  2)  and 
others  (d,  4)  bad  devclo|ied  prediction  tecluiiques 
which  accounted  for  the  important  aerodynamic 
heating  consequences  of  atom  recombination  on 
surfaces.  Hut  when  an  O  atom  strikes  a  high-tem- 
jierature  surface  the  probability  of  oxidation  (and 
consequent  material  loss  or  degradation)  may 
gyeatly  exceed  the  prohnbilty  of  surface-catalyzed 
atom  recombination.  To  guide  future  advances  in 
the  attainment  of  hypersonic  flight,  an  understand¬ 
ing  of  the  rates  and  consequences  of  such  chemical 
attack  was  therefore  needed.  This  can  be  obtained 
most  accurately,  and,  incidentally,  economically, 
by  carrying  out  reaction  rate  experiments  in  the 
lalairatory  at  ()  atom  bombardment  rates  com¬ 
parable  to  tho6e  attained  during  atmosphere  re¬ 
entry,  under  conditions  such  that  the  oxidation 
probability  per  collision  can  be  determined  with¬ 
out  ambiguity.  This  chemical  kinetic  information 
can  then  lie  combined  with  an  aerodynamic  ana¬ 
lysis  of  the  air  reaction  product  boundary  layer  to 
enable  rational  predictions  of  oxidation  rates 
under  the  diverse  conditions  encountered  locally 
during  reentry. 

Such  a  program  was  initiated  at  AeroChem  by 
AFOSR  in  Xovemlierof  19(52.  By  mobilizing  sev¬ 
eral  experimental  methods  used  in  recent  corrosion 
and  physical  chemistry  research,  Rosner  and  his 
collaborator.  If.  Donald  Allendorf,  successfully 
developed  a  unique  apparatus  and  method  (•<-<?) 
which  satisfied  the  al*>ve  requirements  ami,  more¬ 
over,  allowed  direct  comparison  of  the  O  atom 
reaction  probabilities  with  those  of  the  correspond¬ 
ing  ().  reactions.  The  method  combines  the  condi¬ 
tions  of  low  total  pressure,  high  gas  velocity,  and 
small  sjiecimeu  size  and  uses  a  microwave  dis- 
charge  cavity  to  dissociate  oxygen. 
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Ai  depicted  ( -I),  noble  gas/f )2  mixtures 
are  passed  through  the  microwave  discharge 
cavity,  downstream  of  which  the  partially  <liv 
soriated  gas  eneounters  the  specimen — an  electri¬ 
cally  heated  tilntnent.  For  surface  reactions 
forming  volatile  t  non  protective)  products,  the 
voltage  drop  across  the  central  fK>rtion  of  the 
specimen  is  continuously  monitored  using  spring- 
loaded  contacts  trading  to  a  recording  jioieni iom- 
eter.  During  an  experiment  the  filament  is 
maintained  at  constant  temperature  by  altering 
the  measured  heating  current  in  accord  with  an 
optical  pyrometer  or  thermocouple  output,  t  hereby 
allowing  the  decrease  in  filament  diameter  caused 
bv  the  reaction  to  be  related  to  the  increase  in 
electrical  resistance.  The  absolute  value  of  the  fila¬ 
ment  temperature  is  determined  either  from  its 
resistivity  or  from  the  corrected  pyrometer  read¬ 
ing  and  O  atom  concentrations  at  the  specimen 
location  are  obtained  using  a  luminescent  titration 
technique.  By  combining  the  observed  rate  of  mate¬ 
rial  loss  at  each  temjyeruturc  with  the  prevailing 
O  atom  concentration,  one  can  then  calculate  the 
probability,  r.  that  an  incident  O  atom  will  lead 
to  material  removal  (i.e.,  c=l  would  mean  every 
incident  atom  is  successful  in  removing  a  subst  rate 


in  >m).  In  all  ca>-es,  possible  cotiiphcaf  ioi*s  Hue  !<■ 
local  oxygen  depletion  as  well  ns  the  difference 
lie! necii  flip  incident  gas  (atom  or  molecule)  tern- 
|ierafure  and  the  surface  temperature,  are  ruled 
out  experimentally  on  the  basis  of  the  absence  of 
gns  flow  rate — and  carrier  gas  identity — effects  oil 
the  observed  reaction  rotes.  Complications  due  to 
the  possible  presence,  of  excited  atoms  ana  mole¬ 
cules  in  the  electrical  discharge  products  have  also 
been  experimentally  shown  to  la*  negligible  (!?). 
The  method  has  considerable  range  and  tlvxibili- y. 
Thus  far,  it  1ms  lieen  used  to  study  a  large  class  of 
O  atom/solid  reactions  ( o -!) )  at  surface  tempera 
lures  iiet ween  H/Ktc  K.  and  .'t,00oc  K.  and  O  atom 
partial  pressures  from  to  f»X10_s  Torr 

(1  Torr*=  <  Kt 3  atm).  By  substituting  micro¬ 
scope  size  measurements  time-lapse  photographs 
for  determining  the  diameter  change  of  the  speci¬ 
men,  the  method  has  I  teen  extended  to  electrically 
nonconducting  materials  (o.g..  Itornn  nitride'  by 
depositing  them  on  conducting  substrates  ( e.g.. 
tungsten).  By  adding  a  second  microwave  dis¬ 
charge  cavity  and  feedline,  the  method  has  also 
been  generalized  to  study  the  reactivity  of  dis¬ 
sociated  gas  mixtures,  such  us  mixtures  of  ()  and 
X  atoms. 


Floruit  21. — Filament  oxidation  appariittis  ( xrhrmaJii  't. 
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Capabilities  of  the  approach  and  method  are 
jierhaps  best  illustrated  by  considering  recent 
experimental  results  on  two  refractory  materials 
of  major  interest  to  the  Air  Force:  molybdenum 
(5.  9)  and  graphite  (6,  7, 10). 

Fig.  22  shows  the  temperature  dependence  of 
the  oxidation  probability  of  molybdenum  subjected 
to  atomic  or  molecular  oxygen  at  a  partial  pressure 
representative  of  those  encountered  by  vehicles 
with  aerodynamic  lift  entering  the  Earth’s  atmos¬ 
phere.  The  quantity,  «,  which  measures  the  proba¬ 
bility  that  a  molybdenum  atom  will  be  removed 
from  the  solid  for  each  oxidizer  collision  is  seen 
to  be  considerably  different,  depending  upon 
whether  the  oxidizer  is  atomic  or  diatomic  oxygen. 
For  example,  at  about  1,200°  K.  the  reaction 
probability  for  O  atoms  is  greater  than  that  for 
03  by  a  hundredfold.  Aside  from  their  large  abso¬ 
lute  values  and  relatively  weak  temperature 
dependence,  another  interesting  aspect  of  the  O 
atom  reaction  probabilities  is  their  remarkable 
invariance  under  a  500-fold  change  in  O  atom 
pressure.  The  simplicity  of  the  O  atom  reaction 
kinetics,  attributed  (5,  9)  to  the  fact  that  many 
gas-phase  O  atoms  collide  directly  with  absorbed 
oxygen  (on  the  surface)  leading  directly  to 
oxidation,  makes  it  possible  to  extrapolate  these 
data  with  greater  confidence  to  the  wide  range  of 
conditions  of  aerospace  interest. 

In  contrast  to  the  O  atom  data  shown,  corre¬ 
sponding  experiments  (9)  covering  a  10,000-fold 
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Figure  22. — Oxidation  probabilities  for 
molybdenum. 


02  pressure  range  reveal  that  when  diatomic  oxy¬ 
gen  strikes  high-temperature  molybdenum  t lie 
reaction  probability  (already  lower  than  that  for 
O  atoms)  decreases  markedly  as  the  02  pressure 
is  increased.  Th.-  complex  behavior  revealed  for 
t  he  O.  react  ion  is  a  reflection  of  the  less  direct  route 
to  oxidation  (in  which  oxygen  dissociation  must 
first  occur  on  the  surface)  when  the  oxidizer  is 
diatomic 

These  are  the  first  data  available  comparing  the 
rates  of  O-atorn  and  02  attack  of  molybdenum  at 
elevated  temperatures.  They  indicate  that  the 
presence  of  O  atoms  in  the  reentry  environment 
would  greatly  increase  the  rate  of  oxidation  of 
exposed  molybdenum  surfaces. 

As  a  second  example,  data  have  been  obtained 
on  the  O  atom  attack  of  several  kinds  of  graphite 
(o,  7,  10)  since  graphite  and  graphite  composites 
have  been  used  as  leading  edge  materials  for  lift¬ 
ing  hypersonic  reentry  vehicles  (11);  moreover, 
many  ablation  heat  shield  materials  form  carbo¬ 
naceous  outer  char  layers.  Tn  particular,  pyrolytic 
(high  density,  anistropic)  graphite  has  been 
viewed  as  a  leading  edge/nose  cap  material  with 
considerable  aerospace  promise,  partly  because  it 
is  more  oxidation-resistant  than  more  porous 
grades  of  graphite.  While  this  is  true,  Rosner  and 
Allendorf  have  recently  found  that  differences 
between  the  two  grades  of  graphite  are  not  so 
striking  when  the  oxygen  is  dissociated. 

Shown  (lig.  23)  are  data  for  pyrolytic  (dark 
circles)  and  a  commercially  available  graphite 
(open  circles)  in  both  atomic  and  diatomic  oxygen 
corrected  to  an  oxygen  pressure  of  3  s  Hr2  Torr. 
It  is  seen  that  the  improvement  in  oxidation  resist¬ 
ance  offered  by  pyrolytic  graphite  diminishes 
considerably  when  it  is  exposed  to  atomic  oxygen. 
Moreover,  the  O  atom  oxidation  probability  near 
2,000°  K.  is  quite  high  («*%)  compared  to  the 
corresponding  value  (less  than  y10o  for  02 
attack  of  the  same  pyrolytic  graphite  surface.  In 
both  the  United  States  (/£,  13)  and  Russian (74) 
aerospace  literature  these  impressive  differences  in 
oxidation  rate  have  until  now  been  neglected,  the 
common  assumption  being  that  O  atoms  and 
02  will  oxidize  graphite  with  comparable  effective¬ 
ness  at  high  temperatures.  In  many  cases  the 
experimental  results  obtained  in  the  present 
program  on  graphites  and  refractory  metals  will 
strongly  influence  future  designs  for  both  unpro¬ 
tected  graphite  nnd  graphite  coated  with  refrac¬ 
tory  noble  metals  (15). 


OXIDATION  PROBABILITY 


TEMPERATURE,  *K 
2000  1600  1400  1200 


Fioote  23. — Oxidation  probabilities  for  graphite. 

Much  remains  to  be  done  before  a  comprehensive 
understanding  of  the  effects  of  atomic  oxygen 
on  reentry  materials  is  obtained,  and  or  iation 
probabilities  can  be  reliably  extrapolated  or  pre¬ 
dicted.  As  already  indicated,  it  is  also  necessary 
to  combine,  in  a  self-consistent  manner,  this  chemi¬ 
cal  kinetic  information  with  a  knowledge  of 
transport  phenomena  in  the  gaseous  boundary 
layer  which  envelops  reentry  vehicles.  Thus,  owing 
to  the  establishment  of  steep  concentration  and 
temperature  gradients  in  the  boundary  layer,  due 
account  must  be  taken  of  the  fact  that  actual  0 
atom  partial  pressures  experienced  at  vehicle  sur¬ 
faces  will  depend  strongly  on  the  altitude- velocity 
\  “trajectory”  of  a  particular  vehicle,  its  overall 
'  size,  and  its  heat -protect ion  scheme.  Typical  tra- 
i  jectories  for  several  classes  of  reentry  vehicles  are 
i  shown  (fig.  24)  together  with  (a)  regions  (shaded) 

*  in  which  one  can  rule  out  appreciable  O  atom  con- 
t  cent  rations  at  the  surface  for  various  reasons,  and 
(b)  points  (open  circles)  on  each  trajectory  at 


which  the  conditions  of  aerodynamic  heating  are 
most  severe.  This  figure,  a  more  detailed  version 
of  which  is  discussed  from  the  point  of  view  of 
aerodynamic  heating  in  (1),  displays  the  trajec¬ 
tories  of  two  ballistic  (without  aerodynamic  litt) 
vehicles,  earth  satellite  (S)  and  intercontinental 
ballistic  missile  (ICBM),  and  two  lifting  vehicles, 
glide  (GV)  and  lunar  lifting  (LLV),  differing 
widely  in  initial  entry  speed.  In  the  odd-shaped 
shaded  region  to  the  left  (low  velocity)  the  vehicle 
kinetic  energy  is  insufficent  to  thermodynamically 
produce  appreciable  oxygen  atom  concentrations 
at  the  prevailing  pressures.  In  the  upper  (high 
altitude)  shaded  region  the  vehicle  energies  are 
sufficient,  but  the  rates  of  (  )2  dissociation  are  inade¬ 
quate  for  vehicles  in  the  size  range  of  aerospace 
interest.  In  the  lower  (low  altitude-high  density) 
shaded  region,  O  atoms  produced  in  the  high 
temperature  regions  of  the  flow  undergo  a 
sufficient  number  of  molecular  encounters  in  the 
cooler  gas  regions  near  the  surface  to  recombine 
(reforming  02)  in  the  gas  phase.  Mote  that  for 
the  vehicles  shown,  all  but  the  ICBM  experience 
peak  heating  rates  under  conditions  such  that  high 
nonequilibrium  oxygen  atom  concentrations  will 
be  present  near  the  vehicle  surfaces. 

In  particular,  for  hypersonic  glide  vehicles  in 
the  region  of  peak  heating,  there  is  sufficient  time 
for  the  dissociation  of  diatomic  oxygen  behind  the 
bow  shock  and  in  the  high-temperature  regions  of 
the  gas  boundary  layer,  yet  the  density  levels  are 
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Fiufre  24. — Oxygen  atom  nonequilibrium  regimes 
during  reentry. 
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inadequate  to  allow  complete  oxygen  atom  recom¬ 
bination  to  occur  in  the  cooler  portions  of  the  flow 
adjacent  to  the  surface.  For  n  lifting  reentry  ve¬ 
hicle  with  a  wing  loading  of,  say,  80  psf,  the 
oxygen  atom  mole  fraction  at  the  time  of  peak 
heating  can  reach  about  30  percent  at  stagnation 
pressure  levels  somewhat  less  than  10"1  atm. 
Moreover,  peak  surface  teni|>eratures  will  he  close 
to  2,000°  K.  Under  these  conditions,  Rosner  and 
Allendorf  have  experimentally  found  that  the  ef¬ 
fective  rate  const?  nt  for  graphite  attack  by  O 
atoms  is  more  than  ten  times  larger  than  the  cor¬ 
responding  rate  constant  for  O*  attack.  Based  on 
these  data,  estimates  of  the  prevailing  O  atom 
concentrations  and  available  predictions  of  the 
total  weight  of  graphite  heat  shield  material  ab¬ 
lated  due  to  O*  oxidation  during  reentry,  Rosner 
estimates  that  neglect  of  the  dissociation  effect 
could  lead  to  errors  as  large  as  .50  percent.  Be¬ 
cause  of  the  sensitivity  of  payload  and  booster  size 
predictions  to  predicted  heat  shield  weight,  effects 
of  this  magnitude  will  bear  careful  reexamination 
and  inclusion  in  future  designs. 

In  current  extensions  of  this  work  at  AeroChem, 
data  are  l>eing  obtained  on  the  O  atom  attack  of 
tungsten,  tungsten  alloys,  rhenium,  boron,  boron 
nitride,  und  related  refractory  materials  to  estab¬ 
lish  patterns  and  infer  the  reaction  inecMnism, 
l>oth  in  the  presence  and  absence  of  additional 
gaseous  constituents  (e.g..  N  atoms).  While  the 
translation  of  these  basic  studies  into  aerospace 
engineering  practice  via  improved  test  and  design 
procedures  will  require  additional  effort  on  the 
part  of  applied  research  agencies  and  Government 
contractors,  the  present  program  provides  an  ex¬ 
cellent  illustration  of  the  basic  research  supported 
by  AFOSR  and  the  Air  Force  mission  in  the  field 
of  hypersonic  aerodynamics. 
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Low -density  aerodynamics,  or  rarefied  gas- 
dynamics,  is  roughly  sjieaking  the  study  of  the 
flow  of  gases  containing  less  than  one  one- 
thousandth  the  number  of  molecules  per  unit  vol¬ 
ume  its  ordinary  air  at  sea  level.  The  1960's  are 
seeing  a  rapid  advance  in  this  area  which  until 
now  has  lagged  several  decades  behind  the  com¬ 
parable  advance  in  continuum  aerodynamics.  This 
current  burst  of  new  knowledge  in  low-density 
aerodynamics  is  undoubtedly  due  in  part  to  the 
fact  that  man's  activities  in  space  and  the  upper 
atmosphere  have  occasioned  an  urgent  need  for 
this  knowledge;  but  for  a  need  to  be  filled,  it  must 
coincide  with  a  suitable  opjiort  unity  for  its  filling. 
This  article  describes  how  an  important  opj>or- 
tunity  for  progress  in  the  cxjverimental  aspects  of 
low  density  aerodynamics  has  been  provided 
through  a  decade  of  research  by  scientists  in  three 
different  countries.  AFOSR  financial  supj>ort  has 
aided  substantially  in  bringing  this  work  to 
fruition. 

Wind  tunnel  e.\|>eriments  in  low  density  aero¬ 
dynamics  are  impeded  by  the  very  small  size  of 
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the  forces  and  pressures  involved  in  the  flow  of  i* 
pas  so  light  that  a  [wind  of  it  would  occupy  at 
least  the  volume  of  an  ordinary  dwelling  house. 
Any  macroscopic  measuring  instrument  inserted 
i,.*'v  «»«eh  a  flow  radically  disturbs  the  quantity 
’iK-.iig  measured.  A  further  serious  difficulty  is  that 
at  the  densities  of  interest  the  various  modes  of 
energy  storage  in  the  gas  are.  often  not  in  thermo¬ 
dynamic  equilibrium.  For  this  as  well  as  other 
reasons,  the  properties  of  the  gas  from  one  |>oint. 
to  another  in  the.  flow  are  not  nearly  as  simply 
related  as  in  the  ease  of  the  inviscid  flow  of  an 
equilibrium  gas.  For  a  detailed  and  accurate  inter¬ 
pretation  of  experimental  results,  it  is  necessary 
that  the  state  of  the  gas  can  be  determined  at  any 
point  in  the  flow,  independently  of  upstream  con¬ 
ditions.  The  solution  to  this  problem  in  a  large 
variety  of  ex[)eriirients  is  the  electron  beam  fluo¬ 
rescence  technique. 

A  well-collimated  lienm  of  electrons  about  rhe 
diameter  of  the  lead  of  a  pencil  is  passed  through 
the  gas  flow.  In  the  gas  density  range  being  dis¬ 
cussed,  a  lieam  of  40  kilovolt  electrons  is  not  sig¬ 
nificantly  attenuated  over  a  distance  of  a  few 
inches.  Tf  the  gas  is  air,  the  beam  is  visible  as  a 
thin  line  of  fluorescence.  By  optical  means,  any 
place  along  the  I  team  length  can  be  selected  for 
observation,  and  a  “point’’  measurement  of  the 
beam  emission  can  be  accomplished.  The  emission 
can  be  used  to  measure  directly  the  local  state  of 
the  gas.  Electron  lieam  fluorescence  has  a  spectrum 
peculiar  to  the  conqtosition  and  temperature  of  the 
gas  being  oltserved.  It  resembles  the  emission  from 
a  low  density  gas  discharge  tube,  for  a  gas  of  sim¬ 
ilar  composition.  A  gas  species  density  is  obtained 
from  the  intensity  of  light  emitted  at  a  selected 
wavelength  characteristic  of  the  species.  The 
emitted  intensity  is  linearly  proportional  to  the 
density  in  the  density  range  of  interest  here. 
Figure  25  shows  the  dependence  of  intensity  upon 
density  found  by  Gadamer  (7)  in  preliminary  ex¬ 
periments  with  electron  beam  fluorescence.  The 
linear  region  is  dose  to  the  origin  on  the  scale  of 
figure  25. 

If  the  gas  used  is  nitrogen,  the  molecular  emis¬ 
sion  bands  can  be  used  to  obtain  vibrational  and 
rotational  temperatures.  This  is  done  by  measur¬ 
ing  the  relative  intensities  in  the  vibrational  and 
rotational  fine  structure  of  the  nitrogen  X; 
negative  system  emission  hand.  The  measurements 
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Figure  25. — Light  output  v».  pressure  for  an  elec¬ 
tron  beam  through  air  at  room  temperature. 

represent  a  direct  static  tem|ierntiire  determina¬ 
tion  which  is  an  extremely  difficult  quantity  to 
obtain  in  many  flow  situations.  Figure  26  shows 
the  excitation-emission  paths  which  have  been 
used  for  nitrogen  temperature  measurements  (2). 
It  is  important  to  the  accuracy  of  rhe  tempera¬ 
ture  measurements  that  the  18  electron  volt  ioniz¬ 
ing  excitation  occurs  without  disturbing  the 
rotational  or  vibrational  state  of  the  original  nitro¬ 
gen  molecule. 

Besides  these  capabilities,  the  technique  can  be 
used  to  measure  How  velocity  and  translational 
tetujteratnres  by  making  use  of  the  Doppler  shift 
and  broadening  of  a  suitable  spectral  line.  The 
versatility  of  he  technique  has  lteen  a  spur  to  the 
recent  rapid  growth  of  its  use  in  e.\|>erimental  gas- 
dvnamics.  Figure  27  shows  a  schematic  drawing 
of  an  elect  roil  lieam  fluorescence  density  and  tem¬ 
perature  measuring  system  in  a  hypersonic  shock 
tunnel  (./). 

Early  interest  in  the  fluorescence  excited  in  a  gas 
by  a  lieam  of  energetic  electrons  derived  from  a 
desire  to  investigate  tin*  applicability  of  wave 
mechanics  to  collision  phenomena  <4  *>)■  The  ap¬ 
plication  of  electron  lieam  excitation  to  the  meas¬ 
urement  of  gas  density  was  suggested  in  1955  by 
B.  IV.  Schumacher  and  A.  E.  (Inin  ( 7)  in  the  form 
of  a  German  patent  application  which  was  based 
on  work  performed  at  the  Heehingen  High  Volt¬ 
age  Laboratory  of  the  Max- Planck  Institute  for 
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Fiotthk  26. —  Excitation  and  emission  path s  for  the 

If*  first  negative  system  excited  by  fast  electrons. 

Physics  of  the  Stratosphere.  At  about  this  time 
Schumacher  became  associated  with  the  Ontario 
Research  Foundation,  Toronto,  Ontario,  and  at 
the  same  time  AFOSR  initiated  a  contract  with 
Grim  and  colleagues  at  the  Hechingen  laboratory 
for  further  research  into  the  mechanism  by  which 
gas  molecules  absorb  energy  from  a  beam  of  elec¬ 
trons.  The  results  of  this  work  were  published  in 
1957  (#). 

Meanwhile,  in  19f*6  Gordon  Patterson,  Director 
of  the  University  of  Toronto  Institute  of  Aero- 
physics,  decided  to  undertake  the  development  of 
the  electron  beam  as  a  density  and  temperature 
diagnostic  device.  Acting  for  Patterson,  1. 1.  Glass 
and  J.  G.  Hall  of  UTIA  carried  out  discussions 
with  Schumacher  and  the  Ontario  Research  Foun¬ 
dation  From  that  time  on,  a  series  of  AFOSR 
contracts  and  grants  have  supplemented  ths  sup¬ 
port  of  the  Defence  Research  Board  of  Canada  for 
the  group  under  Patterson  in  its  research  on  the 
electron  beam  fluorescence  technique, 

E.  O.  Gadamer  < /),  working  with  Schumacher's 
design  for  the  electron  gun,  showed  by  a  simple  set 
of  experiments  the  feasibility  of  obtaining  local 
density  measurements  anywhere  in  a  flow  field 
without  disturbing  the  flow.  E.  P.  Muntz  (2)  ex¬ 
tended  the  technique  to  the  measurement  of  vibra¬ 
tional  and  rotational  temperatures  in  nitrogen  and 
airflows.  Muntz  took  the  important  step  of  intro¬ 
ducing  the  use  of  electron  guns  commercially 
available  at  low  cost  from  the  television  industry 
in  place  of  the  sophisticated,  cumbersome,  and  ex¬ 


pensive  design  supplied  earlier  by  .Schumacher. 
Muntz  later  became  associated  with  the  Valley 
Forgo  Space  Technology  Center  of  the  General 
Electric  Company,  where  he  extended  the  electron 
beam  technique  to  the  measurement  of  the 
molecular  velocity  distribution  function  (5). 

Use  of  the  electron  beam  fluorescence  technique 
is  rapidly  growing.  It  is  being  used,  refined,  and 
extended  to  new  uses  in  many  laboratories  in  the 
United  States,  both  for  basic  research  in  rarefied 
gasdynamics  and  for  applied  research.  The  first 
applied  research  use  was  by  Zempel  and  Muntz  (.7) 
under  contract  to  the  Air  Force  Ballistic  Systems 
Division. 

The  future  applications  of  electrons  beam  fluor¬ 
escence  in  both  applied  research  and  in  basic  fluid 
physics  will  no  doubt  continue  to  proliferate.  As 
the  requirements  of  defense  systems  become  more 
sophisticated,  more  details  of  the  flow  fields  must 
be  know.  The  fluorescence  technique  is  an  excellent 
device  for  gathering  this  information.  It  is  ex¬ 
pected  that  with  considerably  more  technique  de¬ 
velopment,  it  will  l>e  applied  ,o  chemical  nonequi¬ 
librium  flows.  Fundamental  fluid  physics,  partic¬ 
ularly  in  basic  kinetic  theory  of  nonequilibrium 
flows  with  rotational,  vibrat  ional,  and  translational 
degrees  of  freedom,  should  be  advanced.  Flows 
of  gas  mixtures  will  also  be  studied  extensively. 
Two  items  of  great  interest  to  applied  research 
projects  will  be  quantitative  flow  visualization 
and  velocity  measurements  using  the  Doppler 
shift  method.  Upper  atmosphere  research  will  also 
benefit  from  electron  beam  fluorescence.  Rocket 
payloads  Icing  prepared  at  the  present  writing 
contain  electron  beam  packages  for  measuring  den¬ 
sity  and  rotational  temperature  at  satellite 
altitudes. 
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Fioure  27. — Electron  beam  tensity  and  tempew'H're  measuring  system  in  a  hypersonic  shock  tunnel. 
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Supersonic  Combustion 

Dr.  Bernard  T.  Wolfson 

A  long-standing  program  of  fundamental 
research  has  been  supported  by  AFOSR  directed 
at  Air  Force  technical  problems  concerned  with 


combustion  dynamics.  Many  of  these  supporting 
type  studies  are  basic  to  the  eventual  attainment 
of  supersonic  combusting  ramjets  that  will  be 
required  for  flight  in  the  Mach  8  and  faster  range. 

The  program  provides  new  knowledge  leading  to 
solution  of  problems  in  ignition  and  extinction, 
steady-stuts  combustion,  control  of  combustion 
instability,  detonation  and  sensitivity,  and  super¬ 
sonic  combustion.  These  research  efforts  directly 
involve  air-breathing,  liquid  and  solid  rocket  com 
Lost  ion  and  propulsion.  The  work  will  eventually 
influence  advanced  development  in  hypersonic 
ramjets,  aerospace  aircraft,  recoverable  boosters, 
advanced  air-breathing  cycle  engines,  ignitors,  air- 
augmented  and  large  chemical  rockets,  and  ad¬ 
vanced  aircraft  propulsion  systems  such  as  VTOL. 

This  program  has  in  the  past  and  is  now  play¬ 
ing  an  important  role  in  pioneering  research  in 
the  areas  of  supersonic  combustion,  both  detonative 
and  diffusional  type:  of  rocket  combustion  insta¬ 
bility  phenomena,  and  of  ignition  and  extinction 
of  propellants  and  motors. 
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In  the  broad  area  of  homogeneous  or  gaseous 
combustion,  investigation.-  are  supported  in  the 
general  area  of  su|>ersonic  combustion,  both  shock 
initiated  or  detonative,  and  shock-free  or  ditfu- 
sionnl  supersonic  combustion. 

As  late  as  1952  there  were  large  unknowns  in 
the  chemical  kinetics  of  combustion  and  the 
theoretical  limits  of  the  amount  of  heat  produced 
by  combustion  within  a  ramjet.  Early  design  work 
on  supersonic  combustion  ramjets  indicated  that 
the  length  of  a  combustion  chamber  necessary  to 
produce  the  required  space  heating  and  result  ent 
thrust  would  be  determined  by  the  rate  of  com¬ 
bustion  of  the  fuel-air  mixture  in  a  very  high  speed 
airflow.  In  a  Mach  5  airstream  combustion  must 
take  place  in  less  than  1  millisecond  if  the  burning 
is  to  occur  within  a  5- foot  chamber.  Reaction  rates 
for  premixed  fuel-air  mixtures  were  rather  well 
known  as  functions  of  temperatures  and  pressures. 
Interrelated  effects  were  known  for  mixing  and 
reaction  rates,  but  the  extent  of  the  effect  for 
hypersonic  speed  ranges  was  unknown.  It  was 
reasoned  that  the  reaction  times  for  unmixed  gases 
were  necessarily  longer  than  for  mixed  gases,  how¬ 
ever.  so  the  shortest  possible  combustor  would  be 
one  in  which  premixed  gases  were  burned. 

Premixing  was  one  of  the  conditions  necessary 
in  the  shock-initiated  combustion  ramjet  engine 
suggested  by  Leduc  in  1948.  A  normal  shock  would 
supply  sufficient  heat  for  combustion.  A  great  deal 
of  the  kinetic  energy  of  a  ducted  flow  of  air  is  lost 
over  a  normal  shock  wave  in  the  form  of  heat 
rather  than  pressure  rise.  This  heat  tends  to  dis¬ 
sociate  the  molecules  of  the  gas  and  thereby  inhibit 
reaction.  In  order  to  maintain  supersonic  flow 
throughout  the  engine  and  still  utilize  shock- 
initiated  combustion,  supersonic  (or  oblique) 
rather  than  normal  shock  waves  are.  necessary. 

Among  the  first  to  do  extensive  research  into 
shock-initiated  combustion  was  Dr.  Robert  A. 
Gross,  then  at  Fairchild  Aircraft.  He  concluded 
that  in  hypersonic  ranges  any  air  breather  that 
reduced  airflow  velocity  to  subsonic  speeds  before 
adding  fuel  would  have  such  high  diffuser  tem¬ 
peratures  that  the.  fuel  would  dissociate  and  ab¬ 
sorb  heat  rather  than  add  heat  to  produce  thrust. 
Although  the  Air  Force  in  general  was  not  ur¬ 
gently  interested  in  new  air-breathing  propulsion 
schemes,  AFOSR  iiegan  to  sup]  tort  Gross  in  1955. 
Under  this  support  Gross  demonstrated  an  igni¬ 
tion  device  applicable  to  supersonic  flow  combus¬ 
tion.  This  consisted  of  a  cylindrical  tube  through 


which  a  supersonic  flow  of  a  hydrogen-air  mixture 
was  ducted.  Small  wedges  were  placed  op|>osito 
one  another  in  the  flow  to  cause  oblique  shock 
waves  to  la-  formed  nt  either  side.  At  the  inter¬ 
section  of  these  shock  waves  a  small  normal  shock 
wave  formed,  producing  an  area  of  heat  sufficiently 
intense  to  produce  s|*mta  neons  com  bust  ion.  Al¬ 
though  the  flow  is  reduced  to  sulwonic  values  over 
a  normal  shock,  the  normal  shook  area  is  relatively 
small  in  this  <-ase.  1  iy  placing  a  divergent  nozzle 
just  liehind  the  shock  wave  the  flow  could  be  rc- 
aooeleraSed  to  wqicrsnnie  values.  Photographs  of 
the  standing  normal  shock  showed  the  flame  front 
and  the  shock  wave  to  he  coincidental,  indicating 
no  time  delay  for  ignition.  The  implications  were 
very  favorable  to  the  shock  ignition  scheme  of 
design. 

In  1955  AFOSR  gave  support  to  J.  A.  Xicholls, 
working  on  detonation  at  the  University  of  Michi¬ 
gan.  Xicholls  thought  shock-induced  combustion 
could  be  applied  to  propulsion  in  an  intermittent 
shock  wave  within  a  pulse  jet.  He  also  considered 
the  possibility  of  shoe '{induced  combustion  in  a 
ramjet  if  the  shook  cor'd  he  made  to  stand  still. 
He  was  able  to  produce  a  standing  detonnt  ion  wave 
in  apparatus  which  consist ed  of  a  converging  chan¬ 
nel  with  a  sonic  throat  followed  by  a  diverging 
siqiersonic  nozzle.  The  position  of  the  standing 
wave  eould  l>o  controlled  by  varying  the  pressure 
of  the.  fuel  air  mixture. 

At  the  same  time  Alexander  Weir  at  Michigan 
was  working  on  gas  flow  through  sharp-edged  ori¬ 
fices  at  su|X‘rerit  ieal  pressure  ratios.  He  photo¬ 
graphed  the  flow  pattern  vented  into  the  atmos¬ 
phere  and  found  a  normal  shock  forming  at  some 
distance  from  the  orifice.  This  phenomenon  could 
not  be  explained  by  existing  theory  and  became 
known  as  the  “shock  bottle  effect.”  Xicholls  and 
Weir  teamed  and  derived  an  explanation  and  a 
method  of  calculat  ing  where  the  shock  wave  would 
sit.  Xicholls  applied  this  to  the  flow  patterns  of 
rocket  exhausts,  and  was  given  AFOSR  support 
for  further  studies.  Under  Xicholls  a  student 
named  Roger  Dunlap  calculated  the  performance 
of  a  ramjet  using  the  principle  of  a  standing  deto¬ 
native  wave,  published  in  1958,  and  subject  of 
much  industry  attention.  The  apparatus  consisted 
of  a  converging  nozzle  which  brought  the  flow  to 
mach  1 ;  fuel  was  added  at  the  throat  and  the 
mixture  accelerated  to  supersonic  speeds  in  a 
diverging  duct :  downstream  a  center  wedge  pro¬ 
duced  a  standing  shock  wave. 
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The  tem|>eniturr  rise  produced  by  the  shook 
wave  ignited  the  mixture  with  an  accompanying 
rise  in  tenijiernture  find  pressure.  It  was  concluded 
that  the  performance  of  a  detonative  wave  mmjet 
would  be  less  than  that  of  a  eon  vent  inn  a  I  ramjet 
lielow  much  .">  but  would  (leak  at  much  7  where  the 
conventional  type  would  be  ineffective.  The  ideal 
detonative  wave  concept  seemed  to  lie  the  standing 
detonative  wave,  which  formed  without  mechani¬ 
cal  How  diverters  and  could  lie  made  to  stand  just 
ahead  of  a  diverging  channel  so  as  to  keep  the  sub¬ 
sonic  portion  of  the  air  How  at  a  minimum  length. 
Since  the  jxisition  of  this  standing  wave  had  lieeii 
shown  to  lie  a  function  of  the  inlet  pressure,  some 
means  of  metering  the  inlet  pressure  would  have 
to  lie  incorjxtrated  in  the  engine  design.  This  con¬ 
sideration  seemed  to  indicate  a  need  fora  variable- 
geometry  inlet  or  exhaust  or  both- 

In  1955  Marquardt  Corp..  with  Aero  Propulsion 
Laboratory  (AFSC)  supjxirt,  demonstrated  con¬ 
tinuous  autoignition  of  hydrogen  in  a  shock-free, 
mach  2  airstream.  Lack  of  immediate  interest  was 
attributed  by  the  investigators  to  the  prevailing 
opinion  that  any  ramjet  needed  some  flame  holding 
device  to  maintain  continuous  combustion.  With 
APL  support  in  part.  Arthur  Mager  and  Charles 
Lindley  began  work  in  the  newly  formed  Astro 
Division.  They  were  convinced  that  Eugene 
Pcrchonok,  also  at.  Astro,  had  demonstrated  shock- 
free  supersonic  combustion  while  at  NACA  in 
1947.  Mager  and  Lindley  did  thermodynamic  cycle 
analysis  on  a  hyjxjthetical,  shock-free,  supersonic 
combustion  ramjet  and  concluded  in  1958  that  such 
an  engine  would  be  efficient-  up  ro  orbital  velocities. 
Lindley  is  credited  witli  coining  “scramjet." 

Parallel  and  independent  work  was  1  icing  done 
by  Antonio  Ferri  of  the  General  Applied  Science 
Laboratory  (GASL),  in  which  he  demonstrated  at 
Polytechnic  Institute  of  Brooklyn  steady  combus¬ 
tion  without  strong  shocks  in  a  supersonic  air- 
stream.  As  early  as  1958  hr  said  that  he  had 
accomplished  shock-free  diffusion  controlled  com¬ 
bustion  in  a  mach  3  airstream,  the  diffusion  process 
being  a  means  of  control  of  mixing  and  reaction. 
Ferri's  research  was  supported  by  AFOSR  in  its 
very  early,  fundamental  stages  in  1956  and  1957, 
and  later  support  for  engine-oriented  research 
came  from  API,.  The  projxised  engine  would  in- 
cor|iorate  a  shock-free  sujiersonic  intake  to  a  throat 
where  hydrogen  fuel  would  lie  added  tangent  to 
the  flow  and  at  approximately  the  same  tenijient- 
ture  and  velocity.  Adding  hydrogen  under  these 


conditions  would  prevent  the  generation  of  shock 
waves  in  the  throat.  The  hydrogen  gas  would  then 
diffuse  in  the  airstream  which  would  be  above  the 
tenifier.it  lire  at  which  s)  suit  a  ih-oiih  ignition  would 
occur,  Tlie  channel  would  lie  divergent  to  prevent 
unwanted  tomjK-nirurr  extremes  which  would 
cause  such  dissociations  of  i  -,i-.  as  to  alisorl)  heat 
and  interfere  with  heat  releasing  chemical  rear 
tion.  In  I!ic4  I  Jr.  Ferri  •*tat»d  that  the  dot  mat  inn 
wave  engine  likely  would  require  variable  gi-oni- 
etry  inlets.  lie  preferred  that  hydrogen  fuel  be 
injected  hot  and  at  high  speeds  info  the  airflow 
as  it  enters  the  eombustion  area  of  the  engine.  This 
combustion  Would  lie  gradual  and  stable  lieeause 
the  flow  would  remain  sufiersnnu  .  His  concepts 
differ  from  those  of  many  who  favor  the  detona¬ 
tion  wave  engine  in  that  Ferri.  unlike  the  others, 
is  designing  with  goals  of  maeh  \2  and  up  in  mind. 
In  these  numiiers  he  provisos  to  nullify  the  |ios- 
sible  high  eombustion  chamber  temperatures  by 
quenching  with  an  excess  of  hydrogen  over  the 
stoichiometric  ratio.  Ferri  maintains  that  the  cool¬ 
ing  capacity  of  the  hydrogen  fuel  is  more  than 
sufficient  up  to  maeli  23. 

Low  mach  siqiersonie  speeds  with  diffusion  con¬ 
trol  also  appear  possible  to  Ferri.  In  answer  to 
criticisms  bused  upon  mixing  considerations,  he 
maintains  that  in  conditions  of  high  tenifiernttire 
the  reaction  rate  is  sufficiently  high  in  comparison 
to  the  mixing  Rite  that  it  can  lie  neglecteil  and  the 
mixing  process  can  lx*  considered,  for  the  purpose 
of  analysis,  to  lx*  a  problem  in  equilibrium  flow. 
A  slight  difference  in  the  velocities  of  inner  and 
outer  jets  will  produce  turbulent  mixing  rapid 
enough  to  finish  the  process  in  sufficiently  short 
distances  to  use  the  diffusion  process  as  the  control 
mechanism  for  sujiersonic  combustion.  Combus¬ 
tion  can  lie  maintained  in  supersonic  flow  lielow 
the  flash  point  of  hydrogen  in  air  by  admitting  a 
<ore  of  very  hot  gas,  say  hydrogen,  into  the  mix¬ 
ture  iieliind  the  mixing  jets.  The  reaction  can  lx* 
maintained  bv  heat  convection  from  the  chemical 
react  ions  ass<x*iateil  out  he  boundary  of  this  central 
pilot  jet.  Thus  the  range  of  operation  of  the  sujier¬ 
sonic  combustion  can  lie  extended  into  the  lower 
supersonic  maeh  regimes.  He  indicates  that  com¬ 
bustion  is  completed  in  10"  seconds  in  conditions 
of  initial  “laiic  ieni|ierature  of  g.uotr  Rankin.  The 
length  of  combustion  area  required  would  lie  on 
the  order  of  a  quarter  of  an  inch  in  a  flow  of 
feel  per  secoml  Ferri  also  indicates  that  the  most 
difficult  problem  is  not  related  to  the  construction 
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of  the  engine  but  to  the  construction  of  facilities 
for  ground  testing  the  engine  as  a  whole.  GASL 
has  obtained  contracts  with  NASA  for  a  test  en¬ 
gine,  and  with  the  Air  Force  Systems  Command, 
in  conjunction  with  Marquardt,  for  a  prototype 
to  be  flown  on  a  rocket  booster.  Greatest  applica¬ 
bility  seems  at  present  to  be  for  a  recoverable 
space  launch  vehicle  ( RSLV ). 

Recent  studies  by  Ferri  and  his  GASL  group 
show  that  high  altitude  and  low  supersonic  per 
formame  in  a  tixed  geometry  engine  nsing  hydro¬ 
gen  or  selected  hydrocarbon  fuels  can  lie  extended 
by  use  of  external  ignition  sources  and  a  special 
means  for  inducing  mixing.  In  addition  they  found 
that  the  total  length  required  for  completion  of 


combusition  could  lie  substantially  reduced  below 
that  predicted  by  stream  tttlre  calculations  by  com¬ 
bining  conveniently  located  ignition  sources  with 
pressure  gradients  induced  by  the  combustion 
process  itself. 

The  theory  and  data  obtained  by  this  research 
are  of  direct  and  immediate  concern  to  the  Air 
Force  because  of  the  new  insights  into  prediction 
and  control  of  gas  flows  in  which  finite  rate 
chemical  processes  are  important.  Further,  there  is 
direct  applicability  to  the  design  and  operation  of 
a  multitude  of  new  Air  Force  concepts  such  as 
high-speed  manned  observation  and  reconnais¬ 
sance  and  missile  systems,  and  first  stage  boost 
systems  for  space. 


Information  Sciences 


Influences  i  rom  Cybernetics  on 
Information  Sciences 

Rovvena  \V.  Swanson 

NorU’tl  Wiener  popularized  the  w ortl  “cyber¬ 
netics"  through  his  hook,  ‘‘Cyliernet  ics  or  Control 
and  Communication  in  the  Animal  and  the  Ma¬ 
chine"  (7),  and  thus  brought  into  vogue  an  area 
of  research  that  has  been  difficult  to  define  precisely 
because  of  the  diverse  reaches  of  its  possible  influ¬ 
ence.  Wiener  originally  associated  the  word  with 
the  entire  field  of  control  and  communication 
theory  in  machines  and  animals.  After  initially 
condemning  the  field  as  a  tool  of  capitalists  and 
the  bourgeoisie,  scientists  in  tb  USSR  adopted 
the  term  and  began  to  ascribe  to  the  field  the 
power  to  revolutionize  human  activity  through 
the  optimal  use  of  men  and  machines.  (2)  Sensa¬ 
tionalism  presaging  an  age  of  roW  control  of 
man  also  liecame  associated  with  the  word,  cyber¬ 
netics,  and  introduced  a  period,  particularly  in 
the  United  States  and  England,  during  which 
scientists  were  loathe  to  use  it.  Thisperiix!  seems  to 
be  gradually  ending,  but  a  prevalent  view  is  that 
an  informative  description  of  particular  areas  of 
inquiry  would  simultaneously  be  more  meaning¬ 
ful  and  obviate  need  for  use  of  the  word. 

From  the  vantage  point  of  1906,  the  cybernetics 
banner  appears  to  have  been  productively  useful, 
principally,  perhaps,  because  of  its  unifying  influ¬ 
ences.  It  appears  representative  of  a  trend  in  mod¬ 
em  '"nee  toward  multidisciplinary  approaches 
to  pi  iblem  solving.  It  lias  stimulated  team  efforts 
for  the  co-joint  investigation  of  control,  commu¬ 
nication,  and  the  mechanisms  and  methods  used  by 
man  that  result  in  what  is  considered  intelligent 
behavior.  A  beneficial  byproduct  is  the  broaden¬ 
ing  by  scientists  of  their  individual  perspectives 
to  admit  increasingly  wider  areas  lieyoiul  those  of 
their  original  s|>ecialization. 

A  recent  analysis  of  cybernetics  by  I.  A.  Akchu¬ 
rin  in  Yoprmy  filoxofij  indicates  the  conceptual 
and  practical  ranges  of  activity  encompassed  by 
cybemetics  (.j).  His  taxonomy  isolates  three  prin¬ 
ciple  areas:  theoretical  cyliernet ics,  applied  eylier- 


nefics,  and  technical  cybernetics.  To  theoretical 
cybernetics  he  assigns  research  in  info-mation 
theory,  programing  theory,  the  theory  of  auto¬ 
matic  machines,  and  game  theory.  Applied  cylier 
net  ics  pertains  to  the  solution  of  specific  problems 
of  control  that  arise  in  such  widely  diverse  fields 
as  biology,  linguistics,  sociology,  a, id  military 
science.  Technical  cvliemetics  refers  to  reductions 
to  practice  of  designs  and  devices  such  r.s  the  syn¬ 
thesis  of  switching  circuits,  determinations  of 
component  and  system  reliabilities,  the  construc¬ 
tion  of  adaptive  systems  of  sensors,  and  the  devel¬ 
opment.  of  interactive  man-machine  communica¬ 
tion  networks.  The  links  that  unify  these  areas 
Akchurin  calls  "the  information  concept"  and  gen¬ 
eralized  “nemiisit liemut ieal  structures."  Informa¬ 
tional  data,  hy  initial  input  and  feedback,  deter¬ 
mine  the  possible,  probable,  or  actual  behavioral 
characteristics  of  elements  of  a  system  and  over¬ 
all  system  structure  and  performance.  Mathemati¬ 
cal  structures,  derived  theoretically  or  based  on 
observation  and  experimentation,  pertain  not  only 
to  complex  systems  of  regulation  and  control  but 
also  to  abstract  axiomatizations  that  emphasize 
approaches  to  optimization  and  economy  (e.g., 
codes,  strategies)  independent  of  anthropomorphic, 
implications. 

In  the  foregoing  context,  accomplishments  of 
particular  investigations  in  the  cited  subject  areas 
are  meaningful  as  accomplishments  of  cyliernet  ics. 
In  this  context,  a  large  jiortion  of  the  basic  re¬ 
search  program  of  the  Directorate  of  Information 
Sciences.  AFOSR,  is  cyliernet  ics  oriented.  For 
example,  M.  P.  Schutzenlierger  and  M.  P.  Vivat 
of  Institut  Blaise  Pascal  are  investigating  the  use 
of  algebraic  methods  in  automata  theory  for  de¬ 
scribing  machines  that  are  lioth  fundamental  and 
liehavinristically  *‘.nple.  A  theory  they  formulated 
for  incompletely  specified  automata  has  yielded 
solution'  .o  the  general  problem  of  approximat¬ 
ing  any  event  by  some  regular  one.  They  are 
currently  examining  several  basic  conjectures  in 
coding  theory  to  gain  a  letter  understanding  of 
combinatorial  problems  and  the  meaning  of  unique 
decipherability  problems.  F.  B.  Cannonito  of 
Hughes  Aircraft  Co.  has  observed  a  relationship 
Udween  Imsic  distract  structural  features  of  a 
library  and  the  structures  of  some  semigroups  that 


i  -  - 


217 


arc  finite  semikUicee.  He  is  extending  studies  in 
combinatorial  algebra  to  the  design  and  simulation 
of  a  model  combinatorial  information  retrieval 
system.  At  the  University  of  Hawaii.  A.  T.  Ewald 
has  been  trying  to  discover  better  differen¬ 
tiating  descriptors  to  improve  the  identification 
prorww  in  pattern  recognition.  Employing  primar¬ 
ily  linear  techniques,  his  algorithm  tested  against 
recorded  data  of  nonlinear  tsunami  wave  patterns 
has  been  able  to  predict  the  maximum  tsunami 
wave  height  in  one  locale  from  the  wave  recent  in 
another,  a  first  for  this  type  of  prediction.  His  re¬ 
sults  are  aiso  furnishing  information  (as  well  as 
raising  questions)  on  how  classes  should  be  cate¬ 
gorized.  He  plans  to  test  the  predictive  capability 
of  the  algorithm  against  other  sets  of  data  such 
as  magnetic  anomaly  data,  earthquake  wave  trans¬ 
missions,  and  radar  patterns. 

Foundational  studies  in  mathematical  logir  are 
relevant  to  cybernetics  in  that  they  are  proriding 
answers  to  such  questions  as:  what  are  the  limits 
on  computability,  and  how  can  computable  pro¬ 
cedures  be  explicitly  described.  If.  Putnam,  for 
example,  culminated  5  years  of  research  in  hier¬ 
archy  theory  with  the  construction  of  a  hierarchy 
of  degrees  of  unsnlvability  that  extends  t'ie  Spector 
hierarchy  to  all  sets  of  integers  that  are  “construe- 
tible”  in  the  sense  of  Godel.  This  result  amplifies 
knowledge  on  problems  of  relative  recursiveness, 
on  constructive  models  for  analysis,  and  on  sys¬ 
tems  of  notations  for  ordinal  numbers.  Putnam  is 
now  examining  new  methods  for  proving  theorems 
for  an  infinitely  axiomatized  system  of  first-order 
number  theory.  R.  M.  Smullyan  at  Yeshiva  Uni¬ 
versity  is  developing  new  and  simplified  methods 
for  translating  proofs  in  one  proof-procedure  sys¬ 
tem  to  proofs  in  another.  He  formulated  a  specific 
unifying  principle  in  set  theory  that  is  furnishing 
fundamental  insight  into  the  relation  between  the 
well  ordering  theorem,  the  transfinite  recursion 
theorem,  and  several  theorems  on  ordinal  monitors. 
Results  include  some  new  characterizations  of  the 
ordinals,  and  a  generalization  of  the  notion  of  or¬ 
dinal  number.  Smullyan  has  introduced  a  new 
notion  of  nest  structure  and  of  an  isomorphic  tree 
structure  that  simplify  proof  procedures.  He  is 
also  investigating  procedures  that  can  construc¬ 
tively  demonstrate  the  consistency  of  various 
mathematical  systems. 

Logical  representations,  such  as  those  being 
deviser!  for  automatic  theorem  proving,  are  also 
indicative  of  ways  that  machines  can  be  instructed 
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to  perform  operations  usually  associated  with 
human  intelligence.  For  example.  It.  Kail  irk  at 
Xorthwestem  University  is  exploring  the  develop¬ 
ment  of  efficient  theorem-proving  algorithms  via 
the  llerhrand  theorem  through  expressions  of 
denial  of  the  theorem  ns  a  j  rene.x  formula  of 
predicate  calculus  and  generation  of  an  inconsist 
ent  set  of  instances  of  this  formula.  His  comparison 
of  a  generalization  of  a  decision  procedure  of  <J. 
Friedman  with  a  proof  procedure  of  J.  A.  Robin¬ 
son  resulted  in  a  reformulation  of  the  generaliza¬ 
tion  procedure  in  terms  of  conjunctive  normal 
form  matrices  rather  than  disjunctive  normal  form 
matrices.  The  reformulation  provides  economies 
in  computation.  It  eliminates  the,  need  of  special 
techniques  for  matrix  amplification  and  is  most 
amenable  to  proof  procedure  applications  when 
the  conjunction  of  a  set  of  axioms  with  u 
theorem’s  negation  yields  a  mntrix  that,  in  dis¬ 
junctive  form,  is  large  and  contains  many  noil- 
relevant  terms. 

A  basic  understanding  of  how  to  analyze  and 
represent  various  types  of  problems  is  an  essential 
first  step  to  developing  efficient  and  effective  pro¬ 
cedures  for  problem  solving  by  machine.  At  RCA’s 
David  Snrnoff  Resen  roll  ('enter.  S.  Amarel  has 
been  examining  theory  formation  processes, 
heuristic  problem  solving  procedures,  and  meth¬ 
ods  for  realizing  them.  He  has  developed  a  con¬ 
ceptual  framework  for  ordering  a  variety  of  prob¬ 
lem  types  for  machine  solution.  In  an  analysis  of 
a  specific  problem  of  transportation  scheduling, 
the  “missionary’  and  cannibals”  problem.  Amarel 
evaluated  'he  effects  of  alternate  formulations  to 
the  expected  efficiency  of  mechanical  procedures 
for  solving  it,  and  the  processes  that  are  involved 
in  a  transition  from  one  formulation  to  a  better 
one.  Integrated,  goal-oriented  routines  that  specify 
maerotrnnsitions  enabled  a  substantial  reduction 
in  problem-solving  effort:  a  macrotransition  is  sn 
expression  of  knowledge  about  the  probability  of 
realizing  particular  sequences  of  transitions. 
Research  on  representational  models  such  a* 
Ainarel’s  is  relevant  to  industrial  and  military- 
problems  concerned  with  reasoning  about  actions 
as  arise,  for  example,  in  logistics  and  operations 
planning. 

Toe  word,  cybernetics,  thus,  is  not  a  descriptor 
for  a  single  discipline  but  is,  rather,  a  term  for 
characterizing  a  conceptual  orientation  in  various 
fields  of  study.  The  orientation  is  that  of  extracting 
from  experimental  data  on  biological,  social,  and 
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even  philosophical.  systems,  principles  pertaining 
to  regulation.  control,  communication,  a;,d  opti¬ 
mization.  'Hip  state  of  tin*  art  strongly  suggests 
that  model  building  and  testing  well  integrated 
with  real-world  systems  data  could,  then,  achieve 
tin*  goal  of  revolutionizing  human  activity,  both 
of  the  individual  and  >f  ( he  organization,  through 
an  understanding  of  how  to  optimize  configura¬ 
tions  of  men  and  machines. 

IftEHNCH 

<  I )  Nnrbert  Wiener.  ’  Cybernetics  or  Control  and  Com¬ 
munication  in  the  Animal  and  the  Machine."  M.I.T. 
Press  (and  John  Wiley  &  Sons,  Inc..  Cambridge. 
Mass.,  lid  mI„  n«Hl  i. 

12 1  A.  Berg.  “Cybernetics  and  Technical  Progress.”  Joint 
Publications  Research  Service.  JPRS-11.  liUOi.  11 
Jan.  OT.  (Translation  from  Pravda,  10  Nov.  01). 
id)  I.  A.  Akchurin,  "Hie  Development  of  Cybernetics  and 
Dialectics."  TT-flB-SSST.  JI'RS-  til.TDg.  August  63. 
(Tr  inslation  from  V*. peony  fllonofli.  No.  7,  1065). 


The  Computer  and  Its  Languages 

CaFT.  ELICIT  SollMKR 

What  is  a  computer  and  what  can  it  do  for  me? 
This  is  a  (piestion  that  is  constantly  being  asked 
by  many  people  today,  and  it  will  continue  to  be 
asked  for  many  years. 

Computer  sciences  is  a  young  and  dynamic  art 
that  those  outside  the  computer  field  view  with 
confusion  and  awe.  Headlines  such  as  “Computer 
Hands  Gemini  Automatically"  ( // 1  and  popular 
magazine  articles  ascribing  human  characteristics 
to  computer  programs  ( 10)  are  frequent,  occur¬ 
rences.  These  reports  contribute  to  a  popular 
notion  that  the  computer  is  a  “giant  brain"  capable 
of  indefinite  “intelligence."  An  almost  equally 
popular  notion  is  that  a  computer  is  “a  pile  of 
nuts,  bolts,  and  electronic  gear  that  is  nothing 
more  than  a  fast  adding  machine." 

The  computer  is.  in  fact,  revolutionizing  our 
lives  and  our  society.  In  a  memorandum  issued 
28  dune  1966  to  heads  of  departments  and  agencies, 
Pi-esident.  Johnson  expressed  his  concern  that  She 
electronic  computer  lie  properly  utilized  and  man¬ 
aged.  lie  stated :  “The  electronic  computer  is  hav¬ 
ing  a  greater  impact  on  what,  government,  does  and 


how  it  does  it  than  any  other  product  of  modem 
technology.  The.  computer  is  making  if  possible  to 
send  men  and  satellites  into  space;  make  significant 
strides  in  medical  research:  add  several  billions 
of  dollars  to  our  revenue,  through  improved  fax 
administration:  administer  the  huge  and  complex 
social  cciirity  and  medicare  programs:  manage  a. 
multibillion  dollar  defense  logistics  system:  speed 
the  issuance  of  O.I.  insurance  dividends  at  much 
less  cost:  save  lives  through  bet  ter  search  and  rescue 
operations:  harness  atomic  energy  for  jieaceftil 
uses,  (and)  design  lietfer  but  less  costly  highways 
and  structures.  In  .-hurt,  computers  are  enabling 
us  to  achieve  progress  and  lietiefits  which  a  decade 
ago  were  l*ey  oml  our  grasp. 

“The  technology  is  available.  Its  [Kitential  for 
good  lias  licen  amply  demonstrated,  but  it  remains 
to  la*  tapjied  in  fuller  measure.  I  am  determined 
that  we  take  advantage  of  this  technology  by  using 
it.  imaginatively  to  accomplish  worthwhile 
purposes. 

“I  therefore  want  every  agency  head  to  give 
thorough  study  to  new  ways  in  which  the  elec¬ 
tronic  computer  might  be  used  to  provide  better 
service  to  the  public,  improve  agency  jierformanee, 
(and)  reduce  costs.  Rut,  as  we  use  computers  to 
achieve  these  benefits.  I  want  these  activities  man¬ 
aged  at  the  lowest  possible  cost.”  (6) 

T.iere  are  at  least  2,000  computers  in  use  in  the 
Federal  Government  today  and  71,000  people 
employed  in  their  ojieration.  The  Department  of 
Defense  operates  2,000  of  these  and  employs  51 ,000 
of  the  personnel.  Since  the  Air  Force  is  the  world's 
largest  user  of  computers  from  the  viewpoint  of 
number  of  machines  in  service,  as  well  as  in  the 
mmilier  and  variety  of  applications  (/),  the  Air 
Force  is  committed  to  a  leading  role  in  furthering 
computer  technology.  It  is  apparent  that  the  digi¬ 
tal  computer  is  invading  flic  realm  of  Air  Force 
operations  and  management.  In  the  near  future 
most  staff  personnel  will  require  a  working  famili¬ 
arity  with  computer  and  data  processing  tech¬ 
niques.  Anomalously,  computer  capabilities  have 
not  become  apparent  to  the  great  majority  of  man¬ 
agement  and  operations  )icrsnnnel.  (J)  The  cause 
for  the  anomaly,  and  hopefully  the  cure,  may  lie 
in  accessibility  of  the  computer  to  the  noncomputer 
trained  user. 

How  does  a  |>ersort  use  a  computer?  Basically, 
he  must  have  the  ability  to  “speak"  to  the  machine. 
However,  the  means  of  communication  must  lie 
sucli  that  the  computer  will  “understand"  the  ideas 


that  the  user  wishes  to  convey  The  user  would 
have  no  difficulty  if  he  could  speak  to  the  computer 
in  a  “nat”.rat‘'  language  (such  ns  English)  ami  l>e 
understood.  However,  computer  technology  has 
nor  progressed  far  enough  to  allow  the  free  use 
of  a  natural  language  as  a  means  of  communica¬ 
tion.1 

Therefore,  one  of  the  primary  goals  in  computer 
research  is  the  development  of  computer  languages 
so  that  people  who  are  relatively  unfamiliar  with 
scientific  terminology  and  methods  can  use  the 
computer  to  solve  problems  in  languages  familiar 
to  them.  Let  us  briefly  review  computer  language 
development  since  the  advent  of  the  computer. 

With  the  early  machines,  all  communication  was 
accomplished  using  what  is  known  as  “machine 
language.”  For  most  computers,  these  languages 
consist  of  sequences  of  zeros  and  ones  nnd  were 
undesirable,  since  they  were  slow  and  tedious  for 
a  human  to  use  and  subject  to  many  bothersome 
human  errors  in  coding.  Their  greatest  faillt,  how¬ 
ever,  is  their  complete  unnaturalness  for  the  human 
communication  process. 

“Assembly  language”  was  the  next,  development. 
This  type  of  language  permitted  the  user  to  com¬ 
municate  with  a  machine  through  a  mnemonic- 
type  structure  3  that  was  translated  by  the  com¬ 
puter  itself  into  machine  language.  This  develop¬ 
ment  eased  the  communication  problem  but  did 
not  remove  the  restriction  of  use  of  computers  to 
scientifically  oriented  specialists. 

The  next  major  development  in  automatic  pro¬ 
gramming  languages  was  “one-to-many”  transla¬ 
tion.  Whereas  assembly  language  is  basicnllv  a 
“one-to-one”  translation  (i.e,,  one  sentence  such  as 
“ADD  13”  is  translated  into  one  machine  com¬ 
mand),  “one-to-many"  languages  permit  the.  user 
to  shift  the  responsibility  of  tedious  coding  tasks  to 
the  computer.  For  example,  a  persen  familiar  with 
high  school  arithmetic  would  have  the  ability  to 
communicate  with  the  computer  by  saying  such 
things  as  “5*(  104-2)"  and  expect  to  receive  the 
answer  60.  This  development  eased  the  task  of  ex¬ 
pressing  in  assembly  language  each  of  the  neces¬ 
sary  instructions  to  arrive  at  the  same  result.  Thus, 
one  “sentence”  could  now  be  used  to  generate  a 
series  of  “machine  sentences.”  One  important  limit- 

1  The  “natural  Iftvtfruaffe  problem’'  is  very  waiptex  and  in  being 
studied  intensively.  It’s  scope  is  not  restricted  to  computer 
sciences,  but  cuts  across  a  wide  spectrum  of  disciplines  such  as 
linguistics,  physiology,  and  mnthpmatice. 

•  For  example,  a  prngramer  would  have  the  ability  to  say  “ADD 
IS"  rather  than  “001100000001011". 


ing  factor  on  all  of  these  languages  is  that  each  in¬ 
herently  depends  on  the  particular  computer  being 
used.  Thus,  as  computers  advanced  in  speed  and 
rapacity,  new  'languages  had  to  be  written  and  old 
languages  had  to  1*  reprogrammed. 

At  this  stage  of  computer  language  develop¬ 
ment,  an  attempt  was  made  to  produce  languages 
that  were  independent  of  the  particular  machine 
being  used.  Fortran  (FW/mula  77/.4A’slation) 
and  Algol  (,4Z,<7orithmic  Oriented  /.nngungc) 
were  developed  toward  this  objective,  and  al¬ 
though  ( bey  have  eased  the  programming  problem 
considerably,  they  fall  short  of  being  truly  ma¬ 
chine-independent. 

The  discussion  thus  far  has  centered  around  sci¬ 
entifically-oriented  languages,  developed  by  sci¬ 
entists  for  themselves.  What  alxmt  the  problems  of 
the  manager  and  administrator?  How  could  they 
communicate  with  the  computer  when  they  had  no 
understanding  of  scientifically-oriented  lan¬ 
guages?  It  was  readily  apparent  that  the  great 
speed  of  the  computer  could  be  well  utilized  for 
tedious  bookkeeping  and  administrative  tasks. 
These  tasks  contain  features  that  are  completely 
different  from  those  of  scientific  problems.  Busi¬ 
ness-oriented  languages  began  to  I*  developed  for 
these  problems.  For  example,  Cobol  (fY/mmon 
/Justness  Oriented  language)  provides  a  Innguage 
familiar  to  the  business  and  management  oriented 
person.  Snoliol  (n  language  developed  for  the. 
manipulation  of  strings  of  svmlxds)  eases  the 
problems  of  text  searching,  making  additions  and 
deletions,  and  other  seeretariul-type  tasks.  These 
tasks  could  have-  lieen  expressed  in  scientifically 
oriented  languages,  but  this  would  have  been  inef 
ficient  and  costly,  and,  of  greater  imi>ortance,  this 
would  have  l>een  completely  unnatural  to  the  user. 
Analogously  “string-processing"  and  business- 
oriented  languages  are  inefficient  when  used  for 
simple  arithmetic  computations. 

Perhaps  the  most  glamourously  used  and  least 
understood  of  the  languages  that  have  boon  (level - 
o|>ed  are  the  "list -processing"  languages,  which  are 
frequently  employed  in  "problem-solving"  tasks 
such  as  game  playing  ($.  !))  and  question-answer¬ 
ing  programs  (.?).  This  area  of  application  holds 
great  promise  for  the  future  advancement  of  “ma¬ 
chine  intelligence,*" 

A  |>erson  who  wants  to  use  one  of  today's  com¬ 
puters  must  leans  a  Innguage  understood  by  the 
computer  and  stmetured  to  handle  the  data  format 
of  tile  problem.  For  example,  a  numerical  analyst 
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would  waste  his  time  trying  to  solve  his  problems 
using  a  st ring- professing  rather  than  a  scientifi¬ 
cally  oriented  language.  How  may  this  burden  of 
learning  a  computer  language  be  alleviated  ?  How 
may  computer  technology  lie  made  available  to 
more  people  with  widely  divergent  interests? 
These  are  some  of  the  questions  Ix'ing  investigated 
by  research  presently  being  sponsored. 

Under  AFSOR  sjwnsorslnp.  Peter  Ingerman 
has  developed  a  particular  computer  language 
translator.  Ingerman  first  developed  his  translator 
its  a  graduate  student  at  the  University  of  Penn¬ 
sylvania's  Moore  School  of  Electrical  Engineer¬ 
ing  in  1SM5S  under  an  AFSOR  contract.  He  was 
later  s|K,nsored  at  Westinghousc  Electric  Corp. 

The  latter  effort  resulted  in  a  recently  published 
monograph  entitled  “A  Syntax-Oriented  Trans¬ 
lator"  (4).  A  computer  translator  is  a  processor 
that  accepts  as  input  a  message  in  one  language 
(the  language  used  by  the  programmer)  and  out¬ 
puts  a  message  in  another  language  (the  com¬ 
puter's  language)  with  the  requirement  that  there 
exist  one  common  meaning  for  the  two  messages. 
The  classical  translator  normally  is  a  relatively 
efficient  structure  that  can  provide  any  desired 
balance  Iwtween  fast  translation  and  fast  machine 
codp.  However,  the  maintenance  required  for  the 
translator  to  incorjtorate  changes  in  this  balance 
is  at  best  tedious  work  and  at  worst  may  effect  a 
complete  redevelopment  of  the  translator.  Also,  the 
production  of  a  new  translator  for  a  new  language 
or  for  a  different  computer  can  at  l>esf  make  lim¬ 
ited  use  of  the  old  translator.  On  the  other  hand, 
a  syntax-oriented  translator  is  completely  inde¬ 
pendent  of  the  programming  language  that  is  to  be 
translated,  as  long  as  sufficient  means  exist  for 
describing  the  properties  of  the  programming 
language.  Tngerman  presents  a  method  of  produc¬ 
ing  various  computer  languages  that  dej>ends  only- 
on  a  system  programer's  ability  to  specify  the  rules 
of  his  own  language.  Ingerman,  in  effect,  has  de¬ 
vised  a  method  that  minimizes  the  time  delay  be¬ 
tween  the  conception  of  a  new  language  and  its 
availability  to  users  of  a  wide  variety  of  computers. 

Philip  Bagley  is  investigating  the  possibility  of 
developing  a  programming  language  that  essen¬ 
tially  separates  the  task  of  programming  into  two 
distinct  phases.  The  first  phase  involves  writ  ing  the 
program  in  an  algorithmic  or  logical  language 
that  is  completely  independent  of  the  characteris¬ 
tics  of  a  specific  computer.  The  second  phase,  which 
may  be  replaced  by  a  mechanical  device  involves 


specifying  in  an  implementation  language  the 
mannpr  in  which  the  program  will  lie  executed  on 
a  specific  computer.  Bagley  is  attempting  to  incor- 
jwnute  a  variety  of  data  structures  into  his  lan¬ 
guage  to  satisfy  a  variety  of  needs  within  the 
structure  of  one  language.  The  success  of  this  re¬ 
search  would  I**  a  step  closer  to  an  ability  to  use 
more  natural  languages  in  communications  with 
computers. 

Another  contribution  toward  freeing  users  from 
computer  language  restrictions  has  its  origins  in 
AFOSR-sponsored  research  in  information  re¬ 
trieval.  Calvin  Mooers  of  the  Rockford  Research 
Institute  had  !>een  exploring  ways  of  manipulating 
natural  language  text  so  that  computrrs  could  aid, 
and  in  part  replace,  ratalogers  and  reference  li¬ 
brarians  in  storage  and  retrieval  operations. 
Mooers  and  Peter  I  hut  i  sell  develo|wd  the  language 
they  called  TRAC  (Text  /Reckoning  ,4nd  Com¬ 
piling)  that  is  a  general  tool  for  text  manipula¬ 
tion.  (Td  One  of  TRAC's  outstanding  features  is 
that  it  gives  flip  user  the  power  to  formulate  a 
large  nmnlier  of  well-defined  procedures  with  a 
small  repertoire  of  primitive  functions.  TRAC  is 
operational  in  a  time-shared  computer  environ¬ 
ment,  and  is  thus  immediately  useful  in  the  third- 
general  ion  computer  systems  now  being  installed. 

As  the  Air  Force  continues  to  incorporate  com¬ 
puters  into  its  o|>erations.  and  as  computer-based 
Air  Force  systems  continue  to  grow  in  complexity, 
research  such  as  that  of  Ingerman,  Bagley,  and 
Mooers  Incomes  increasingly  relevant.  Ingermaivs 
contribution  coupled  with  the  success  of  Bagley "s 
work,  for  example,  may  effect  great  savings  in 
time,  effort,  and  cost  through  their  use  in  modify¬ 
ing  existing  operational  programs  and  in  conver¬ 
sions  front  one  computer  system  to  another.  This 
research  is  only  exemplary  of  that  being  sponsored 
bv  AFOSR,  other  Air  Force  laltomtories,  and 
other  agencies.  It  does  indicate,  however,  areas  in 
which  study  was,  and  continues  to  be,  needed,  to 
most  effectively  integrate  computers  and  allied 
hardware  into  the  most  efficient  Air  Force  systems 
man  and  machine,  can  combine  to  create. 
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The  AFOSR  Coupling  Program 

Maj,  Joseph  p.  Martino,  A**t.  Free.  !>  r.  for 

Research  Communication 

The  importance  which  AFOSR  places  on  coup¬ 
ling  has  been  pointed  out  several  times  in  this  re¬ 
port.  In  fact,  all  AFOSR  program  managers  have 
coupling  as  a  primary  concern.  In  addition, 
AFOSR  has  a  staff  office,  the  Office  of  the  Assist¬ 
ant  Executive  Director  for  Research  Communica¬ 
tions,  w  inch  assists  in  these  functions. 

Choosing  the  appropriate,  areas  of  science,  choos¬ 
ing  the  relative  emphasis  to  be  given  to  each,  and 
insuring  that  the  results  of  the  research  are  of 
benefit  to  the  Air  Force,  requires  that  the  AFOSR 
research  program  be  carefully  coupled  to  the  Air 
Force.  Information  must  be  obrained  on  what 
needs  and  problems  the  Air  Force  has  and  is  likely 
to  have  in  the  future,  and  the  results  of  research 
must  be  made  available  quickly  to  Air  Force 
activities. 

AFOSR  coupling  is  also  concerned  with  pro¬ 
viding  scientific  advice  and  consultation  to  all  parts 
of  the  Air  Force  and  in  otherwise  bringing  about 
constructive  involvement  of  research  scientists  in 
Air  Foreo  problems.  This  is  a  particularly  fruit¬ 
ful  activity  because  it  serves  to  make  scientists 
more  knowledgeable  of  Air  Fore®  problems  and 
at  the  same  time  it.  serves  to  bring  to  the  Air  Force 
knowledge  and  understanding  from  the  much 
broader  area  of  world  science  with  which  the 
scientists  supported  by  AFOSR  are  in  intimate 
contact.  This  article  summarizes  briefly  these 
coupling  activities.  More  details  can  be  found  in 
other  published  reports  (/, 

Coupling  the  output,  of  research  to  the  research 
user  is  all  too  frequently  spoken  of  in  terms  of 
“coupling  science  to  te.  hnology."  Tine  is  too  nar¬ 
row  a  viewpoint.  Inherent  in  this  viewpoint  is  the 
assumption  that  there  is  a  natural  chain  of  progres¬ 
sion  from  a  scientific  discovery,  through  a  tech¬ 
nological  advance,  to  u  major  improvement  in 
weapon  system  capability.  The  overwhelming  im¬ 
pact  of  the  transistor  and  nuclear  wenjions  have 
fostered  this  assumption.  However,  when  one  looks 
for  other  examples,  they  tend  to  be  scarce.  Despite 


the  magnitude  of  their  impact,  the  transistor  and 
the  nuclear  weapon  are  statistical  anomalies  which 
give  a  misleading  impression  of  the  relation  be¬ 
tween  science  and  technology.  In  fact,  most  tech¬ 
nological  advance  is  built  on  previous  technology. 

This  is  not  to  say  that  science  does  not  contribute 
to  technology.  It  is  to  say,  rather,  that  science  may 
contribute  at  any  stage.  It  may  contribute  not  only 
at  the  point  of  technological  advance,  but  during 
manufacturing,  operation,  maintenance,  and  oper¬ 
ator  training  as  well. 

In  the  Air  Force  the  customer  of  research  is  not 
just  the  technological  innovator.  AFOSR  research 
can  and  should  lie  of  direct  benefit  to  every  organi¬ 
zation  and  agency  in  the  Air  Force.  With  this 
thought  in  mind,  we  will  examine  the  means  by 
which  AFOSR  couples  its  research  to  the  Air 
Forte. 

Some  of  the  means  for  coupling  science  to  the 
Air  Force  are  described  below.  Most  important  are 
journals,  liooks,  and  reports.  Others,  not  neces¬ 
sarily  in  the  order  of  importance,  are  sponsorship 
of  synijmsia,  membership  on  intenservice  and  inter¬ 
agency  committees,  attendance  at  meetings  spon¬ 
sored  by  other  organizations  to  discuss  their  areas 
of  interest,  and  individual  action  by  the  A FOSR 
project  scientist. 

During  1960,  A  FOSR  sponsored  the  publication 
of  approximately  1,500  journal  articles,  700  re¬ 
ports,  and  several  dozen  books.  These  will  receive 
widespread  distribution  through  the  journal  pub¬ 
lication  system,  through  agencies  such  as  DDF, 
and  through  direct  distribution  to  persons  known 
to  be  interested  in  the  contents. 

In  the  case  of  journal  articles,  it  is  difficult,  if 
not  impossible,  to  verify  that  the  material  in  them 
has  been  used.  Only  if  someone  later  makes  refer¬ 
ence  to  an  article  sponsored  by  AFOSR  is  it  pos¬ 
sible  to  verify  that  the  material  in  the  article  was 
of  value  to  someone.  However,  a  secondary  meas¬ 
ure  of  the  impact  of  these  articles  can  be  obtained. 
The  Office  of  Scientific  and  Technical  Informa¬ 
tion,  Headquarters  Office  of  Aerospace  Research, 
conducted  a  survey  to  determine  the.  extent  to 
which  journals  eontainingarticles  report ingO A R- 
sponsored  research  are  to  be  found  in  defense- 
oriented  libraries.  Since  well  over  half  of  the  total 
OAR-sponsored  journal  articles  are  s|x>nsored  by 
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AFOSR,  the  results  of  this  survey  should  provide 
ft  good  measure  of  the  distribution  of  AFOSR 
sponsored  articles.  Using  &  weighted  average 
which  took  into  account,  the  number  of  articles  in 
ft  journal  during  a  5  year  period,  and  the  number 
of  libraries  out  of  the  total  sample  which  carried 
•  given  journal,  it  was  determined  that  on  the 
average,  each  library  was  exposed  to  nearly  half 
the  total  articles  published.  Thus  it  appears  that  in 
fact  AFOSR-sponsored  journal  articles  do  reach 
those  who  can  make  use  of  them. 

In  the  case  of  reports,  a  more  direct  measure  is 
available.  AFOSR  obtained  from  DDC  a  report 
showing  which  AFOSR-sponsored  reports  in  DDC 
had  been  requested  during  1965,  and  by  whom 
they  had  been  requested.  The  total  was  too  great 
for  full  analysis,  but  a  manual  analysis  of  a  small 
sample  showed  that  AFOSR-sponsored  reports 
are  requested  by  agencies  which  have  an  obvious 
requirement  for  the  information  contained  in  the 
re|)orts.  While  ngain  no  proof  of  use  can  be  ob¬ 
tained.  it  is  safe  to  assume  that  reports  are  not 
requested  unless  someone  has  a  need  for  them,  since 
making  a  request  does  take  a  certain  amount  of 
effort.  Thus  based  on  the  examination  of  requests 
to  DDC,  it  appears  that  re|K>rts  generated  under 
AFOSR  grants  and  contracts  do  reach  impressive 
numbers  of  res  arch  users  who  can  make  use  of 
them. 

There  is  no  measure  of  the  extent  to  which  books 
are  effective  in  reaching  those  users  of  research 
who  need  the  information  they  contain.  Books 
produced  under  AFOSR  sponsorship  are  eithe” 
selected  as  representing  a  significant  summary  of 
research  in  some  field,  presented  in  a  manner  suit¬ 
able  for  the  users  of  that  research,  or  they  are  pro¬ 
duced  as  a  byproduct  of  some  other  effort,  such  as  a 
symposium.  These  books  provide  a  valuable  source 
of  information  about  some  field  of  science  at  a  par¬ 
ticular  time.  Especially  in  the  case  of  state-of-the- 
art  summaries,  they  provide  a  bench  mark  by  which 
future  progress  in  a  field  of  science  can  be  judged, 
and  provide  the  research  user  with  a  consolidated 
source  of  all  important  information  currently 
available  in  that  field. 

Symposia  are  a  very  important  means  for  cou¬ 
pling  research  to  users.  Not  only  do  the  papers 
provide  information  on  the  latest  research  results 
in  a  field  of  science,  hut  sytn|>nsia  are  attended  by 
large  numbers  of  I  Kith  producers  and  users  of  re¬ 
search  in  a  particular  field.  This  provides  ample 
opportunity  for  an  exchange  of  information  be¬ 


tween  those  attending,  with  researchers  being  in 
direct  contact  with  the  users  of  their  research.  In 
1!H>6,  AFOSR  sponsored  a  total  of  53  symposia. 

One  important  symposium  was  Simulation  and 
Simulators  of  Dynamical  Systems.  This  meeting 
brought  together  persons  interested  in  mathemati¬ 
cal,  mechanical,  and  computer  simulation  of  vari¬ 
ous  dynamical  physical  or  biological  systems.  Sys¬ 
tems  to  be  simulated  ranged  from  astronauts 
undergoing  extravehicular  activity  to  the  human 
circulation  system  under  the  action  of  an  artificial 
heart.  The  intent  of  the  meeting  was  to  illustrate 
the  similarities  behind  simulations  of  all  types  of 
dynamical  systems. 

Another  important  symposium  was  the  Interna¬ 
tional  Symposium  on  Combustion,  attended  by  sci¬ 
entists  and  engineer.?  interested  in  all  aspects  of 
combustion,  a  subject  of  major  imjmrtance  to  the 
design  of  jet  and  rocket  engines.  This  symposium 
provided  American  specialists  in  combustion  with 
an  opportunity  to  meet  with  persons  of  similar  in¬ 
terests  from  throughout  the  world.  The  Americans 
present  were  thus  able,  to  tap  the  scientific  knowl¬ 
edge  of  the  entire  world  on  the  subject  of 
combustion. 

The  final  syni|msium  to  lie  discussed  here  was  the 
Conference  on  Hazards  of  Birds  to  Aircraft.  Spe¬ 
cialists  on  all  ecological  phases  of  the  subject  were 
able  to  exchange  information  on  various  asjiects  of 
the  problem,  such  as  the  location  of  airfields  to  re¬ 
duce  incidence  of  impacts. 

Interservicc  and  interagency  committees  of  vari¬ 
ous  types  provide  a  very  important  means  for 
transferring  results  of  AF( )SR-sponsored  research 
to  users.  The  meetings  of  these  committees  bring 
together  representatives  of  research-sjionsoring 
agencies  such  as  AFOSR.  and  representatives  of 
users  of  research,  to  discuss  some  particular  proh 
lem,  or  problem  area.  Some  of  the  groups  on  which 
AFOSR  is  represented  are : 

Security  Equipment  Working  (5 roup,  an  Air 
Force  group  responsible  for  advising  AFSC  on  ap¬ 
proaches  to  the  problem  of  airfield  security  in  re 
mote  areas,  particularly  against  insurgent  infiltrn 
tion;  Nuclear  Weapons  Effects  Research  Medical 
Advisor  Group  of  the  Defense  Atomic  Sup|xirt 
Agency;  and  Foreign  Area  Research  Committee, 
which  includes  representatives  of  the  Army,  Navy, 
Air  Force,  and  State  Department. 

During  the  year  various  Air  Force  agencies 
sjionsor  meetings  at  which  their  problems  are  dis¬ 
cussed  with  representatives  of  research  laboratories 
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and  technology  laboratories.  A  small  sampling  of 
such  meetings  attended  by  AFOSR  representa¬ 
tives  during  196C  follows : 

Ballistic  Systems  Division-Research  and  Tech¬ 
nology  Division  (AFSC)  Coupling  Meeting;  Re 
search  and  Technology  Division-Electronic  Sys¬ 
tems  Division  (AFSC)  Coupling  Meeting;  Air 
Force  Tenth  Technology  Review,  sponsored  bv 
Research  and  Technology  Division,  AFSC;  Anti- 
Missile  Research  Advisory  Council  meeting,  spon¬ 
sored  by  Advanced  Research  Projects  Agency; 
and  Research  and  Technology  Division — Industry 
Technology  Reviews  at  several  industries. 

Individual  actions  by  AFOSR  project  scientists 
represent  a  significant  portion  of  the  total  coupling 
effort  of  the  organization.  The  position  description 
of  each  professional  staff  member  of  AFOSR  in¬ 
cludes  a  statement  of  coupling  as  one  of  the  major 
responsibilities  of  the  position.  This  is  a  reflection 
of  the  very  personal  interest  in  coupling  demon¬ 
strated  by  AFOSR  scientis*s,  and  the  position  of 
the  AFOSR  management  that  coupling  is  an 
essential  part  of  the  AFOSR  job. 

AFOSR  project  scientists  seek  to  establish  com¬ 
munication  with  persons  throughout  the  Air  Force 
interested  in  the  research  activities  for  which  they 
are  responsible.  Ti.ey  initiate  many  such  contacts 
and  also  welcome  inquiries.  The  following  are  il¬ 
lustrative  areas  of  ;«  ch  coupling. 

In  some  of  these  cases  specific  research  results 
which  make  possible  the  solution  of  a  problem  are 
too  new  to  have  reached  a  '  'de  audience  through 
normal  channels  of  dissemination.  When  these 
problems  are  ident  ified  and  located,  information  in 
the  form  of  available  written  reports  or  special  oral 
reports  are  made  available  »->  (be  organization 
responsible  for  solving  the  problem  In  many  cases 
the  important  action  is  not  that  AFOSR-spon- 
sored  research  is  transmitted  to  some  user,  but  that 
the  very  existence  of  the  AFOSR  program,  with  its 
resultant  wide  array  of  contacts  in  the  scientific 
community,  makes  it  possible  to  bring  together  a 
specialist  in  some  area  and  a  technology -oriented 
user  of  research.  The  special  ist  then  is  able  to  bring 
the  entire  range  of  this  knowledge  to  hear  on  a  spe¬ 
cific  problem.  A  few  of  the  examples  of  .such 
coupling  actions  are: 

Arranging  for  a  contractor  to  visit  Air  Force 
Missile  Development  ('enter  to  provide  technical 
consulting  in  connection  with  the  Air  Launched 
Scramjet  Orbital  Booster  Study. 


Arranging  for  several  contractors  to  consult 
with  a  Department  of  Defense  panel  studying  the 
military  retirement  system. 

In  response  to  a  request,  from  Air  Force  Missile 
Development  Center,  arranged  to  transmit  to 
AFMDC  information  on  filtering  methods. 

Arranging  for  contractors  to  help  improve  the 
specifications  for  the  engineering  development  of 
a  General  Purpose  Automatic  Test  Set  for  the 
Middletown  Air  Materiel  Area. 

Arranging  for  contractor  to  advi « the  Director¬ 
ate  of  Armament  Development,  RTD,  AFSC,  cm 
wing-flutter  prediction  for  aircraft,  carrying  ex¬ 
ternal  stores. 

In  a  number  of  instances  joint  activities  have 
been  instituted.  For  example,  AFOSR's  Propul¬ 
sion  Division  and  Air  Force  Rocket  Propulsion 
laboratory  personnel  assist  each  other  in  evaluat¬ 
ing  pro|x>suls.  Seventeen  different  Air  Force  orga¬ 
nizations  are  represented  on  AFOSR  “in  house” 
advisory  groups.  AFOSR  and  Air  Force  Aeropro- 
pulsion  Laboratory  cosponsor  research  in  iiigh 
teinjicrature  plasma  at  Aerojet  General  Nucleonics 
ami  there  are  many  similar  instances  of  common 
contracting  with  other  Air  Force  organizations. 

AFOSR  program  managers  participate  widely 
in  IRJcD  reviews  of  the  aerospace  industries.  They 
participate  in  ad  hoc  studies  such  as  the  scramjet 
study,  the  sjiecial  air  warfare  study,  and  the  pris¬ 
oner  of  war  studies.  They  arrange  for  special  state- 
of-the-art  reviews  such  as  the  AFIT  monthly  lec¬ 
ture  scries.  They  make  numerous  visits  to  Air 
Force  installations  cither  as  individuals  or  in 
cheduled  groups. 

More  examples  of  the  types  given  above  could 
be  cited  to  illustrate  that  coupling  is  a  very  im¬ 
portant  function  of  AFOSR,  and  that  it  is  ex¬ 
ploited  by  the  AFOSR  staff.  Furthermore,  the 
considerable  effort  invested  in  the  activity  brings 
atom  a  significant  coupling  of  the  AFOSR  re¬ 
search  to  the  Air  Force  as  a  whole.  Through  these 
activities  we  are  insuring  that  the  AFOSR  re¬ 
search  program  is  oriented  to  meet  the  needs  «.f 
the  Air  For*. 

teancts 

(1)  "A  Summary  of  AFOSR  CanpilW  Activiti**" 

(AFOSR.  May  IBM). 

Hi  "A  Summary  of  AFOSR  Coui.liu*  Activities" 

(AFOSR.  IW55>. 

<  t)  "AFOSR  Coupliu*  Activities"  ( AFOSR.  1968). 
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Research  Evaluation  Through 
Citation  Indexing 

Maj.  Joseph  P.  Maktino 

One  of  the  problems  in  managing  a  research 
program  is  that  of  evaluating  the  quality  of  the 
research  done.  This  problem  is  particularly  severe 
for  organizations  whose  function  is  that  of  sup¬ 
porting  extramural  research.  While  considerable 
effort  is  made  to  select  quality  researchers  in  the 
first  place,  it  is  desirable  to  have  means  for  check¬ 
ing  on  the  quality  of  the  research  done  under 
support. 

Previous  research  has  indicated  that  one  im¬ 
portant  measure  of  the  quality  of  a  scientific  paper, 
published  in  the  journal  literature,  is  the  number 
of  citations.  i.e.,  the  number  of  times  that  later 
authors  make  reference  to  the  paper.  While  this 
can  be  used  only  as  an  after-the-fact  check  on  a 
single  researcher,  it  is  of  far  more  value  in  eval¬ 
uating  a  program  as  a  whole,  since  policies  which 
led  to  support  of  research  papers  which  have  high 
(or  low)  citation  rates  (end  to  jjersist  overtime. 

Unfortunately,  the  citation  rate  as  a  measure  of 
research  quality  has  not  been  widely  used,  because 


of  the  difficulty  of  examining  the  literature  and 
tracing  citations  by  manual  means.  As  with  so 
many  other  functions  of  management,  however, 
the  advent  of  the  digital  computer  has  completely 
changed  the  picture.  The  digital  computer  now- 
makes  it  possible  to  search  through  hundreds  of 
journals,  published  over  a  several-year  period,  to 
locate  citations  to  one  or  several  previously- 
published  jrapers.  At  least  one  commercial  or¬ 
ganization,  the  Institute  for  Scientific  Informa¬ 
tion,  provides  search  services  to  its  subscribers  on 
a  routine  basis.  1SI  currently  indexes  the  articles 
in  over  a  thousand  scientific  journals,  and  in  par¬ 
ticular,  identifies  the  previous  articles  which  each 
articlo  cited. 

AFOSR  entered  into  a  contract  with  ISI,  under 
which  ISI  was  to  determine  the  number  of  cita¬ 
tions  to  articles  published  in  1964  and  which  re¬ 
sulted  from  research  sponsored  by  AFOSR,  Office 
of  Xaval  Research,  and  the  Army  Research  Office. 
The  citation  rate  for  these  sponsored  articles  was 
to  be  compared  with  the  citation  rate  for  the  litera¬ 
ture  at  large,  and  for  a  statistical  sample  of  articles 
matching  the  AFOSR- spon sored  articles  in  jour¬ 
nal  and  month  of  publication.  A  statistical  sum¬ 
mary  of  the  results  obtained  by  ISI  follows  (see 
table) . 


Table.  Frequency  of  citation  in  1965  and  first  three  quarters  tn  1996  of  tt6S5  A  FOSR-sponsored  research  papers  published 
in  1964 ,  compared  with  control  sample  and  urith  Science  Citatum  Index  total  file 


■  Cited  in  1665 

i 

Cited  in  1666,  Cited  in  1066, 

lat  quarter  ,  2d  quarter 

Cited  in  1666, 

3d  Quarter 

.  AFOSR !  Control 

afosr: 

Control  AFOSR  Control 

j 

AFOS  R  |  Control 

i  | 

1.  Number  of  papers  (unique  authored  j 

items) _  .  l  sas  i  ina 

1,535 
921  : 
0.60 
509 

: 

! 

1  1.80  i 

1  i 

106  1,535  106 

39  851  ,  54 

0  37  0.55  |  0  51 

26  487  36 

1.35  i  1.75  1.50 

i 

i 

1,535  :  106 

881  j  49 

0.  57  0. 46 

502  ,  32 

1.76  i  1.53 

2.  Number  of  times  papers  in  (1)  were  cited.:  -i.  370  173 

3.  Average  number  of  citations  per  paper...:  1.  19  |  1.63 

4-  Number  of  papers  cited  at  leaBt  once !  641  63 

5*  Average  number  of  citations  per  paper  • 

cited  at  least  once..,  _  _  3.59!  2.72 

6.  Total  number  of  papas  in  SCI  file  cited  ! 

at  least  once  in  1965 — 1,617,000.  I 

7.  Average  number  of  citations  per  paper 

cited  at  least  once,  total  SCI  file, 
1665—1.65. 

! 


ISI  found  1,535  articles  sponsored  by  AFOSR, 
332  sponsored  by  ARO,  and  1,508  sponsored  by 
OXR,  and  published  in  1!M>4.  In  addition,  a  control 
samplo  of  106  articles,  matching  the  AFOSR- 
sponsored  articles  in  terms  of  month  and  journal  of 
publication,  was  selected  at  random.  Citations  to 
these  articles  were  located  in  articles  published  in 
1065.  and  in  each  of  the  first  three  quarters  of  1066. 
The  analysis  shows  that  the  average  number  of 
citations  (that  is,  total  citations  divided  by  total 
number  of  articles  Iteing  cited)  is  higher  for  the 
sponsored  articles  than  for  the  control  sample  or 
for  the  general  run  of  the  literature,  as  represented 
1)3'  the  total  Science  Citation  Index  (SCI)  file.  The 


data  in  the  ISI  files  were  further  examined,  look¬ 
ing  on ly  at  those  articles  cited  at  least  once.  Here 
again,  those  sponsored  articles  cited  at  least  once 
had  a  higher  citation  rate  than  similar  articles 
among  the  control  sample  or  the  general  run  of  the 
literature. 

While  additi  >nt»I  analyse  of  the  data  will  be 
performed,  to  gain  as  much  additional  knowledge 
as  possible  on  such  things  as  patterns  of  citations 
over  time,  the  analysis  presented  here  clearly  in¬ 
dicates  that  scientific  work  sjionsored  by  AFOSR, 
ARO  and  OXR  is  definitely  of  liigher-than- 
average  quality. 


AFOSR-sponsored  conferences  and  symposia,  1966 


The  following  conferences  and  symposia  were 
held  during  1966  with  funds  provided  in  part  or 
wholly  by  A  FOSR  as  a  means  of  furthering  areas 
of  scientific  research  of  particular  interest  to  the 
Air  Force. 

Lecture  Series  in  Differential  Equation*.  Joint  Graduate 
Consortium  of  area  universities  I  September  1965  to 
July  1867,  Washington,  DC.). 
iutrmational  Symposium  on  Animal  Toxin*.  Los  Angeles 
County  Hospital  (R-ll  Apr.  1966,  Allantic  City,  NJ.). 
Conference  on  Current  and  Future  Problem s  in  Chemistry 
at  High  Tempera  turn.  National  Academy  of  Sciences 
(39  Jan.  1806.  Houston.  Tex.). 

Third  Coral  Gable*  Conference  on  Symmetry  of  Principles 
at  High  Energy,  University  of  Miami  (26-12  Jan.  189). 
Corel  Oablea,  Fla.). 

International  Symposium  on  Information  Theory.  Insti¬ 
tute  for  Electrical  and  Electronics  Engineers  (31  Jan.- 
2 Feb.  1866,  UCLA). 

Gordon  Reieareh  Conference  on  The  Formulation  of  Re- 
scare*  Polieiet,  AAAS  (31  Jan.-4  Feb.  1066,  Santa 
Barbara.  Calif.). 

William* burg  Conference  on  Intermediate  Energy  Phytic*. 
College  of  William  and  Mary  (18-12  FH>.  1966.  Wil¬ 
liamsburg,  Va.K 

International  Conference  on  ftobarie  Spin  m  .Vs clear 
Phytic*.  Florida  SUte  University  (17-19  Msr.  1866, 
Tallahassee.  Fla.). 

Mathematical  Atpeet*  of  Coapsirr  Foie nee.  American 
Mathematical  Society  (5-7  Apr.  1966.  New  York,  X.Y.). 
Symposium  on  Generalised  Xetirorks.  16th  Mi-novave  Re¬ 
search  Institute,  Polytechnic  Institution  ot  Brooklyn 
12-14  Apr.  1966,  New  York,  N  Y  ). 

Symposium  on  Elrelmdr  Procette*.  Hie  Electrochemical 
Society  (1-6  May  1966.  Cleveland.  Ohio). 

Symposium  on  Xumericat  Analyst*.  Society  for  Industrial 
and  Applied  Mathematics  (11-14  May  1966.  Iowa  City. 
Iowa). 

Fifth  V.8.  Rational  Congee**  of  Applied  Mechanics,  Unl- 
verslty  of  Minnesota  (14-16  June  I960,  Minneapolis. 
Minn.). 

Conference  on  Air  S.  -ike  Hazard  to  Aircraft.  University  ot 
California  <7-9  June  1968.  Davis,  Calif.). 

Cold  Bpring  Harbor  Sympo*ium  on  Quantiiatiee  Biology, 
Cold  Spring  Harbor  laboratory  of  Quantitative  Biology 
(June  1986.  Cold  Spring  Harbor.  N.Y  ). 

Symposium  on  Simulation  and  Simulators  of  Dynamic 
Systems,  Westinghouse  Defense  and  Since  Center 
(June  1966.  Baltimore,  Md. ). 

Topic*  in  Celestial  Mechanics  and  Application *  to  Space 
Research.  SATO  (27  Jun.^15  July  1966.  Driebergen, 
Netherlands). 

Fifth  International  Symposium  on  Rarefied  Gas  Dynamics. 
Oxford  University  (AS  July  1966,  Oxford.  England). 


Gordon  Conference  on  Developing  Information  Systems 
i  Rational  and  International  Set  work* ) ,  AAAS  (18-22 
July  1906.  New  Hampton.  N.H.). 

Gordon  Conference  on  High  Temperature  Chemistry. 
AAAS  (22-29  July  1UHB,  New  Hampton,  N.ll.). 

Systems  Theory  in  Anlhmpotogy,  Wenner-Gren  Founda¬ 
tion  for  Anthropological  Research  (23-31  July  1966, 
Almuenster.  Austria  1 . 

Symposium  on  the  Biota  of  the  Amazon  Basin,  Association 
of  Tropical  Biology  (6-11  June  1966,  Belem,  Para. 
Brazil). 

Second  Rochester  Conference  on  Coherence  and  Quantum 
Optic*.  University  of  Rochester  (22-21  June  I960. 
Rochester,  N.Y. ). 

The  Eleventh  Com  butt  ion  Institute  of  the  International 
Symposium  on  Combustion,  The  Combustion  Institute 
(14-19  Aug.  I960,  University  of  California.  Berkeley. 
Calif.). 

International  Symposium  of  Genetics.  Brazilian  Society  of 
Genetics  (25-31  July  1966.  Sao  Paulo.  Brazil). 

1966  Linguistic  Institute  Conference  on  Linguistic  Method. 
University  ot  California  (1-3  Aug.  1966,  Los  Angeles, 
Calif.). 

Gordon  Research  Cemferenre  on  Inorganic  Chemistry. 
AAAS  (8-12  Aug.  1966.  New  Hampton,  X.H.). 

The  Application  of  Generalized  Functions  to  System 
Theory.  Society  for  Industrial  and  Applied  Mathematics 
<25-26  Aug.  1966.  Stony  Broots,  N.Y.). 

Eleventh  Pacific  Science  Conference.  National  Academy 
of  Sciences  1 22  Alig.-lO  Sept.  1966.  Tokyo,  Japan). 

Second  International  Biophysics  Congress,  National  Acad¬ 
emy  ot  Sciences  (5-9  Set*.  1966,  Vienna,  Austria). 

Conference  on  Algebraic  Theory  of  Machine *  i rith  Appli¬ 
cations,  University  of  California  (29  Aug.-N  Set*  1M66 
1‘aclfle  Grove.  Calif. ) . 

Boundary  Layers  and  Turbulence  Including  Geophysical 
Application*.  National  Academy  of  Sciences  (19-24 
Sept.  1966.  Kyoto.  Japan). 

Bionic  Models  of  the  Animal  Sonar  System.  NATO  (26 
8ept--3  Oct.  1906  Villa  Faleonieri.  Frascati.  Rome. 
Italy). 

Conference  on  Sensitivity  Synthesis.  University  ot  Illinois 
<4 Oct  1966.  Urfeana,  III.). 

Conference  on  Learning.  Remembering  and  Forfeiting. 
Stanford  University  19-12  Oct.  1966.  Santa  Ynez  Inn. 
Part 0c  Palisades.  Calif.). 

Colloquium  on  the  Photographic  interaction  Between 
Radiation  and  Matter,  Society  of  Photographic  Scien¬ 
tists  and  Engineers  1 26-27  <>  t.  1966  Washington.  D.C. ) . 

Tropical  Itinlogy.  Smithsonian  Institution  HM>  Nov.  1966 
Panama  City.  Panama). 

Fundami  nisi*  of  Gas-Surface  interaction*.  General 
Atomic  ( Dec.  1906.  San  Diego.  Calif. ). 
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AFOSR  Selected  Publications  List — Primary  Sources 
of  Additional  Data 


The  followinp  AFOSR  publications  ace  listed  to 
indicate  sources  of  information  on  the  organization 
and  its  functions,  contract  and  grant  procedures, 
research  program,  objectives  and  research  results. 
Not  included  here  are  the  volumes  of  proceedings 
that  result  from  about  50  conferences  and  sym- 
|Ktsia  held  each  year  with  AFOSR  support,  and 
from  the  numerous  AFOSR  contractor  meetings. 
William  G.  Ashley,  A  Study  of  the  Impact  of  Air  Force 
Research  on  Defense  (AFOSR  06-2882).  Examination 
of  the  effect  un  technology  of  selected  AFOSR  research. 
The  Active  Research  Program  of  AFOSR  by  Scientific 
Area.  A  series  of  reports  summarizing  at  intervals  the 
entire  AFOSR  research  program. 

AFOSR  Achievements,  1966.  One  of  a  series  of  reports 
documenting  selected  results  of  AFOSR  research  of  im¬ 
mediate  significance  to  the  Air  Force, 

AFOSR  Chemistry  Program  Review,  1966.  Twelfth  in  a 
aeries  of  annual  reports  of  the  research  supported  by 
the  directorate  of  chemical  sciences. 

AFOSR  Contracts  for  Basie  Research.  A  guide  to  the 
preparation  and  administration  of  AFOSR  contracts. 
AFOSR  Coupling  Activities  1966.  One  of  a  aeries  of  re¬ 
ports  on  AFOSR  activities  to  make  results  of  AFOSR 
research  available  to  Air  Force  activities  and  their 
contractors. 

AF08R  Grants  for  Basie  Research.  A  guide  to  the  prepa¬ 
ration  and  administration  of  AFOSR  grants. 

AFOSR  Proprams.  A  summary  of  the  organization,  its 
objectives  and  the  program  areas  in  which  AFOSR  spon¬ 
sors  scientific  research. 

AFOSR  ltth  Science  Semistar.  Objectives,  abstracts  and 
program  for  the  1987  AFOSR  Bummer  seminar,  Albu¬ 
querque,  X.  Hex. 

Air  Force  Research  Objectives  (OAX).  One  of  a  series  of 
publications  outlining  the  scope  and  objectives  of  the 
OAR  research  program,  including  tbit  of  AFOSR, 

Air  Force  Research  RtsnaUs.  Oompiete  listing  with  sci¬ 
entific  abstracts  of  Ole  AFOSR  research  program.  J96S 
in  press ;  1966  and  later  lists  complete  OAR  extramural 
program;  1963;  1961-61,  1966,  and  19S9  are  entitled 
"Basic  Research  Rlsumfs.'’ 

Air  Force  Scientific  Research  Bibliography  {,  1950-66 
(166IJ  ;  II.  1957-58  (1964)  ;  III,  1069  (19851 ;  IV.  1980 
( 1987 1 :  V,  ia  preparation.  Ahgntt*  of  pub)  leal  ton*  pro¬ 
duced  tor* -ugh  AFOSR  research  support. 

Information  Sciences  Third  In  a  series  of  annual 
nqwrts  of  the  research  supported  by  the  AFOSR  Di¬ 
rectorate  of  Information  Sciences. 

MaJ.  Carl  8.  Jennings  and  William  J.  Price.  "Computers  ia 


the  Research  Administratian  Prut  tea"  (AFOSR  86- 

0868). 

LORE,  List  of  OAR  Research  Efforts  by  State  and  Coun¬ 
try.  Basic  listing  of  OAR  grants  and  contracts  as  well 
as  inhousc  efforts  to  facilitate  coupling  between  research 
activities  and  exploratory  and  system -development  pro¬ 
grams.  (1988) 

OAR  Progress,  1968.  One  of  a  aerie*  of  red  ear*  of  ac¬ 
tivities,  including  AFOSR  research,  of  the  (Mice  of  Aero- 
space  Research. 

OAR  Research  Review,  14.  Monthly  review  of  research 
results,  Including  AFOSR  program. 

William  J.  Price.  "The  AFOSR  as  an  Air  Force  Activity 
to  Utilise  the  Extramural  Science-Oriented  Community 
In  The  Fundamental  Research  Art  icily  in  a  Technology- 
Dependent  Organization,  TVnth  Institute  on  Research 
Administration.  The  American  Cnlrendty  ( AFOSR  05- 
2891). 

William  J.  Price.  The  R.  A  D.  Organization's  Fnndamen- 
tal  Research  Activity  as  a  Window  Between  Science  and 
Technology  ( AFOSR 85-0884.  AD 618104). 

William  J.  Price,  fit  Importance  of  Properly  Describ¬ 
ing  the  Objectives  of  the  AFOSR  Program  (AFOSR  66- 
0191). 

Proceedings  of  the  OAR  Research  Applications  Confer¬ 
ence  (OAR.  1986;  1987).  Includes  AFOSR  research 
presentations  of  significant  DOD  interest. 

Science  in  the  Similes  (AFOSR,  1986).  A  collection  of 
articles  by  AFOSR- supported  researcher*  and  originally 
presented  as  lectures  at  the  Tenth  Anniversary  AFOSR 
Science  Seminar.  ('touderoft.  N.  Hex..  June  1986. 

Science  and  the  Atr  Force.  A  history  of  the  Air  Force 
Office  of  Scientific  Research.  Office  at  Aerospace  Re¬ 
sear,  h  (OAR  86-7). 

Row co*  W.  Swanson,  Cybernetics  in  Europe  and  the 
USSR — Activities,  Plans  and  Impressions  (AFOSR  06- 
0579).  National  policies  and  resources  to  aid  common  ice 
tion. 

Rowed*  W.  Swanson.  Information  System  networks  .  .  . 
Let's  Profit  From  What  Wo  Know  (AFOSR  66-8878). 
A  systems  engineering  a|>pro*rh  to  information  system*. 

V.8.  Atr  Force  Achievements  in  Research  (OAR.  1966). 
Selected  OAR  research  results,  including  more  than  50 
from  the  AFOSR  program  eince  1808. 

VELA  UNIFORM  Research  in  Seismology.  A  review  of 
the  44  research  efforts  scientifically  monitored  and  ad¬ 
ministered  sinre  11(01  by  A  FOUR  Geophysics  Division  for 
the  Advanced  Research  I’mjevts  Agency  1 1986). 

Harold  A.  Wooster,  4*  Lang  As  1  ow’rc  Up  Oct  Me  * 
Grant — the  Preparation  of  Unsolicited  Research  Pro¬ 
posals  (AFOSR  46-0393).  A  guide  to  proposal  writing 
technique* 
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Scientific  Research,  a  unit  of  the  Office  of  Aerospace  Research,  USAF,  are  des¬ 
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